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Summary
A-type voltage-gated potassium (Kv) channels open on membrane depolarization and un-
dergo subsequent rapid inactivation with importance in fine-tuning of cellular excitability.
To serve diverse cellular needs, the inactivation is regulated by numerous mechanisms; for
example, cysteine residues in the N-terminal inactivation ball domain make the inactiva-
tion susceptible to redox state changes. Hydrogen sulfide (H2S), which is enzymatically
generated in various tissues, is increasingly recognized as an important signaling molecule,
particularly in the cardiovascular and nervous systems. In aqueous solutions, H2S is in
equilibrium with more oxidized sulfur species, e.g., polysulfides, and these sulfur-containing
compounds are often collectively termed reactive sulfur species (RSS). Various roles of RSS
have been identified, such as regulation of neuronal excitability, but often the mechanisms
are not well understood.
In this work, the H2S donor NaHS and the polysulfide donors Na2Sn were used to study
whether and how A-type Kv channels might be regulated by RSS. Using the patch-clamp
method, we found that Na2Sn broaden single action potentials in murine dorsal root gan-
glion neurons and slow the inactivation of their natively expressed A-type Kv channels (e.g.,
Kv1.4, Kv3.4). Therefore, we studied the functional properties of recombinant Kv1.4 and
Kv3.4 and mutants thereof upon heterologous expression in HEK293T cells. Polysulfides
(Na2Sn) were > 1000 times more effective than NaHS in slowing down inactivation with
the potency increasing with the number of sulfur atoms (Na2S2 < Na2S3 < Na2S4), indi-
cating that spontaneously formed Na2Sn in NaHS solutions were the active components.
A cysteine residue at position 13 (C13) in the ball domain of Kv1.4, and C6, C24 in that
of Kv3.4 mediated the slowing of inactivation by RSS. Mass spectrometry analysis of a
recombinantly produced peptide corresponding to the ball domain of Kv1.4 revealed that
RSS sulfhydrate the peptide at position C13.
A-type Kv channels can also be formed by association of non-inactivating Kvα subunits
with cytoplasmic ancillary Kvβ subunits that provide inactivation ball domains and thus
induce N(β)-type inactivation. N(β)-type inactivation conferred by Kvβ1.1 (C7), Kvβ1.2
(C8, C28) and Kvβ3.1 (C7, C22), containing one or two cysteine residues, was sensitive
to RSS because of the named cysteine residues. Kvβ1.3, lacking a cysteine in the ball
x
Summary
domain, was unaffected by RSS. Interestingly, the inactivation of Kv1.1/Kvβ1.1 remained
sensitive to RSS even with Kvβ1.1-C7S. A mutagenesis study revealed that C35 and C36 in
the N terminus of Kv1.1 render the inactivation of the Kv1.1/Kvβ1.1 complex sensitive to
RSS. Although we could not elucidate the underlying molecular mechanism, this α-subunit
dependence seems specific to sulfhydration because for other cysteine-specific modifiers this
phenomenon was not observed.
We furthermore showed that intracellular heme slows down inactivation of Kv3.4 and
inactivation induced by Kvβ1.1, involving residues C6:C24 and C7:H10, respectively, i.e.
cysteines that are also relevant for the impact of RSS. We have to postulate that there
is abundant crosstalk between redox/RSS and heme/carbon monoxide signaling, and that
these factors contribute to the modulation of neurotransmitter release and excitotoxic-
ity, at least partially by means of regulating the speed and degree of A-type Kv channel
inactivation.
xi
Zusammenfassung
Spannungsgesteuerte K+-Kanäle (Kv) vom A-Typ werden durch Membrandepolarisation
geöffnet und inaktivieren danach wieder schnell, wodurch sie zur Feinregulierung der zel-
lulären Erregbarkeit geeignet sind. Um dies unter variablen zellulären Bedingungen be-
werkstelligen zu können, ist der Prozess der Inaktivierung durch zahlreiche Mechanismen
reguliert. Beispielsweise wird die sogenannte N-Typ-Inaktivierung sensitiv für Änderun-
gen im Redoxzustand durch Cysteine im N-terminalen Proteinbereich. Schwefelwasserstoff
(H2S), welcher in unterschiedlichen Geweben enzymatisch hergestellt wird, ist mittlerweile
als wichtiges Signalmolekül erkannt, welches besonders im kardiovaskulären und neuronalen
System von Bedeutung ist. In wässrigen Lösungen ist H2S mit oxidierten Schwefel-Spezies,
wie beispielsweise Polysulfiden, im Gleichgewicht. Diese schwefelhaltigen Verbindungen
werden oft zusammenfassend als Reaktive Schwefelspezies (RSS) bezeichnet. Obwohl be-
kannt ist, dass RSS unterschiedliche physiologische Rollen haben, z. B. bei der Regulation
der neuronalen Erregbarkeit, sind die zugrundeliegenden Mechanismen oft unverstanden.
In dieser Arbeit wurde untersucht, ob und wie die Donoren für H2S (NaHS) und für
Polysulfide (Na2Sn) Kv-Kanäle vom A-Typ beeinflussen. Unter Anwendung der Patch-
Clamp-Methode fanden wir, dass Na2Sn einzelne Aktionspotentiale in Neuronen von Hin-
terwurzelganglien der Maus verbreitern und die Inaktivierung von nativ exprimierten A-
Typ-Kanälen (z. B., Kv1.4, Kv3.4) verlangsamen. Daher untersuchten wir die funktionellen
Eigenschaften von rekombinanten Kv1.4 und Kv3.4 und Mutanten davon nach heterolo-
ger Expression in HEK293T-Zellen. Polysulfide (Na2Sn) verlangsamten die Inaktivierung
der Kanäle > 1000-mal effektiver als NaHS, wobei die Effektivität mit der Anzahl der
Schwefelatome zunahm (Na2S2 < Na2S3 < Na2S4); dies deutet darauf hin, dass Na2Sn die
eigentlich aktiven Komponenten in aus NaHS hergestellten wässrigen Lösungen sind. Cys-
teinreste an der Position 13 (C13) in der Balldomäne von Kv1.4 und C6 und C24 in der
von Kv3.4 waren für den Einfluss von RSS auf die Inaktivierungsgeschwindigkeit verant-
wortlich. Massenspektrometische Analysen von rekombinantem Protein der entsprechenden
Balldomäne aus Kv1.4 ergaben, dass das Peptid durch RSS an Position C13 sulfhydriert
wird.
A-Typ-Kanäle können auch durch die Assoziation von nicht-inaktivierenden Kvα-Unter-
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einheiten mit zytoplasmatischen Kvβ-Untereinheiten mit N-terminaler Balldomäne entste-
hen. Diese N(β)-Typ-Inaktivierung, war auch sensitiv gegenüber RSS, wenn deren Balldo-
mänen Cysteine enthielten: Kvβ1.1 (C7), Kvβ1.2 (C8, C28), Kvβ3.1 (C7, C22). Die Inakti-
vierung durch Kvβ1.3, welches kein Cystein in der Balldomäne vorweist, wurde durch RSS
nicht verändert. Interessanterweise blieb die Inaktivierung des Kv1.1/Kvβ1.1-Komplex sen-
sitiv gegenüber RSS, selbst wenn das kritische Cystein in Kvβ1.1 entfernt war (C7S). Ein
umfangreicher Mutageneseansatz zeigte, dass C35/C36 im N-Terminus der α-Untereinheit
Kv1.1 die RSS-Sensitivität des Kv1.1/Kvβ1.1-Komplexes bewirkt. Obwohl der Mechanis-
mus nicht aufgeklärt werden konnte, scheint diese Abhängigkeit von der α-Untereinheit
für Sulfhydrierung spezifisch zu sein, denn ein ähnliches Phänomen wurde mit anderen
Cystein-spezifischen Agenzien nicht gefunden.
Wir zeigten außerdem, dass intrazelläres Häm, ähnlich wie für Kv1.4 die Inaktivierung
von sowohl Kv3.4 als N(β)-Inaktivierung durch Kvβ1.1 verlangsamt, wobei die Reste C6:C24
bzw. C7:H10 beteiligt waren, also dieselben Cysteine, die auch für die Wirkung von RSS
wichtig sind. Wir müssen also von einer komplexen gegenseitigen Beeinflussung der Stress-
Signalachsen „Redox/RSS“ und „Häm/Kohlenstoffmonoxid“ ausgehen. Zusammen können
diese Faktoren zur Modulation der Neurotransmitterfreisetzung bzw. der Erregungstoxizi-
tät mittels der Modulation der Geschwindigkeit und des Ausmaßes der Inaktivierung von
A-Typ-Kaliumkanälen beitragen.
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1 Introduction
1.1 Ion channels
Ion channels are membrane-spanning pore-forming proteins that connect the cytosol to
the cell exterior. These proteins allow inorganic ions to diffuse rapidly across the plasma
membrane down their electrochemical gradients at rates up to 100 million ions per sec-
ond when the ion-conducting pore is open (Aidley and Stanfield, 1996). A wide range
of biological processes are controlled by the ion fluxes through various ion channels, for
example electrical excitability in muscle cells, electrical signaling in neuronal and cardiac
cells, hormone secretion, cell proliferation and migration, cell volume regulation (Aidley
and Stanfield, 1996; Hille, 2001; Szabo et al., 2010; Ashcroft and Rorsman, 2013; Comes
et al., 2015; Jeevaratnam et al., 2018).
1.1.1 Voltage-gated potassium (Kv) channels
Ion channels can be categorized according to their ionic selectivity, such as potassium
(K+), sodium (Na+), calcium (Ca2+), and chloride (Cl–) channels (Yu and Catterall, 2004).
Among the ion channel groups thus far identified, the group of K+ channels represents
the most diverse one (Rudy, 1988; Pongs, 1992; Coetzee et al., 1999; Yu and Catterall,
2004). Based on the mode of activation, the number of transmembrane (TM) segments
and ion conducting pore(s) of K+ channels, they can be divided into four structural types:
inwardly rectifying 1-pore 2-TM (Kir), 2-pore 4-TM (K2P), Ca2+-activated 6-TM or 7-TM,
and voltage-gated 1-pore 6-TM (Kv) (Shieh et al., 2000; Wulff et al., 2009).
1.1.1.1 Kv channel physiological functions
Kv channels are broadly distributed in the nervous system and other tissues, their open
probabilities are dependent on the membrane potential, i.e., such channels are typically
1
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closed at resting potentials (–90 mV to –70 mV) and they open when the membrane depo-
larizes (Sahoo et al., 2014). The opening of Kv channels results in an efflux of K+, which
can serve to repolarize or even hyperpolarize the membrane (Wulff et al., 2009). Therefore,
in excitable cells, like neurons and cardiac myocytes, Kv channels are involved in regulat-
ing the waveforms and firing patterns of action potentials (APs); they also play important
roles in cell-volume regulation, proliferation and migration (Hille, 2001; Wulff et al., 2009;
Sahoo et al., 2014).
1.1.1.2 Nomenclature and structure of Kv channels
To fulfill different physiological roles, there are a large number of Kv channels, which are
encoded by 40 genes in mammalian genomes and each gene encodes a corresponding protein
(α subunit). Kv channels can be divided into 12 subfamilies (Kv1 to Kv12) (Coetzee et al.,
1999; Gutman et al., 2005; Sahoo et al., 2014; Ranjan et al., 2019) as shown in Table 1.
Table 1: Kv channels
Rapidly inactivating A-type Kv channels are highlighted in red.
Based on the relatedness of genes, K+ channels in Shaker (Kcna), Shab (Kcnb), Shaw
(Kcnc) and Shal (Kcnd) groups belong to the “Kv family” (Sahoo et al., 2014). Because
Kv5 (Kcnf), Kv6 (Kcng), Kv8 (Kcnv) and Kv9 (Kcns) channels can modulate Kv family
members, they are included in this family as so-called “Modifiers” (Bocksteins and Snyders,
2012; Sahoo et al., 2014). Further Kv channel families are KCNQ (Kv7, Kcnq) and EAG
(Kv10-Kv12, Kcnh).
Similar to the first cloned Kv channel –– the Drosophila Shaker channel (Papazian
et al., 1987), all mammalian Kv channels are composed of four α subunits (Figure 1A).
Each α subunit contains six transmembrane segments (S1-S6) and a membrane-associated
2
1.1 Ion channels
P-loop between S5 and S6 (Figure 1B). The sequences of four S5-P-S6 segments line the
ion conduction pore. S4 segments, harboring positively charged arginine or lysine residues,
act as voltage sensor domains: alteration of the transmembrane electric field results in a
movement of the positive charges and, hence, generates a protein conformational change
leading to the opening of the gate (Long et al., 2005a,b).
B
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+
+
+
+
N terminus
C terminus
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Figure 1: Structure of a Kvα channel
A. Structure of four Kv1.2/Kv2.1 (Kcna2/Kcnb1) chimeric α subunits (structural data from PDB 2R9R, Long
et al. (2005b), and Sahoo et al. (2014)), viewing from the top (left) and side (right). B. α subunit topological
model, comprising a cytosolic NH2 (N) and COOH (C) terminus, membrane-delimited six transmembrane
segments (S1-S6) as well as a P-loop. S4 harbors positively charged residues and serves as a voltage sensor.
Not drawn to scale.
1.1.1.3 Regulation of Kv channels
Associations with auxiliary protein subunits, for instance, Kvβ subunits, K+ channel in-
teracting proteins (KChIPs), transmembrane dipeptidyl aminopeptidase-like proteins (DP-
PLs), modify Kv channel gating, assembling, trafficking to and from the plasma membrane,
and targeting to different cellular compartments (Gutman et al., 2005; Pongs and Schwarz,
3
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2010; Sahoo et al., 2014).
Cytosolic Kvβ subunits bind to N termini of Kv1α subunits (Long et al., 2005a) and
increase the inactivation rate of some Kv1 channels (Heinemann et al., 1994, 1995, 1996;
Rettig et al., 1994). Such as Kvβ1.1 induced rapid inactivation to Kv1.5 (Figure 2A).
Moreover, Kvβ subunits influence the surface expression of Kv1 channels (Shi et al., 1996;
Pongs and Schwarz, 2010). For example, Kv1.2 surface expression is efficiently increased
by coexpressing with Kvβ2 (Shi et al., 1996). Shal group Kv4 channels (Kv4.1-Kv4.3) are
mainly expressed in somatodendritic compartments (Birnbaum et al., 2004; Jerng et al.,
2004a; Shah et al., 2010; Carrasquillo and Nerbonne, 2014). KChIPs and DPPLs may
either separately or jointly modulate gating properties of Kv4 channels, especially in the
subthreshold potential range of action potential firing, by interacting with Kv4 channels to
form protein complexes (Dougherty and Covarrubias, 2006; Dougherty et al., 2008; Maffie
and Rudy, 2008).
Figure 2: Current traces of Kv1.5, Kv1.5/Kvβ1.1 and Kv1.4 channels
Whole-cell current traces of Kv1.5 channels expressed alone or with Kvβ1.1 (A), and Kv1.4 channels (B)
expressed in HEK293T cells and measured at a depolarizing voltage of 50 mV from a holding potential of
–100 mV (top) for indicated time course.
In addition to this “mix-and-match” of Kvα and ancillary subunits, Kv channel proper-
ties can be modified by post-translational protein modifications, such as N-glycosylation,
phosphorylation, oxidative modification and ubiquitination (Wulff et al., 2009; Sahoo et al.,
2014; Capera et al., 2019). For example, inactivation of Kv3.4 is susceptible to phosphory-
lation and oxidation of residues in the N terminus of the protein (Covarrubias et al., 1994;
Duprat et al., 1995; Stephens and Robertson, 1995; Beck et al., 1998; Antz et al., 1999;
Ritter et al., 2012, 2015a; Kaczmarek and Zhang, 2017; Muqeem et al., 2018; Zemel et al.,
2018). Kv2.1 channels, no matter natively expressed in hippocampal neurons or recom-
binantly expressed in HEK293 cells, are inhibited by the endogenous signaling molecule
carbon monoxide (CO) (Dallas et al., 2011).
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1.1.2 Non-inactivating delayed rectifier Kv channels
Kv channels open or activate upon membrane depolarization, some channels enter an in-
activated state at maintained depolarizing potential. With respect to the kinetics of in-
activation, Kv channels can be divided into slow- or non-inactivating delayed rectifier and
rapidly inactivating A-type channels.
The majority of cloned Kv channels, e.g., Kv1.5 from the Kv1 subfamily (Figure 2A),
activates after membrane depolarization and inactivates little or slowly after heterologous
expression and is therefore classified as delayed rectifier Kv channels (Jan and Jan, 1990;
Pongs, 1992; Gutman et al., 2005). This type of channels participates in repolarization of
action potential and attenuation of cellular excitability (Connor and Stevens, 1971; Willis
et al., 2018).
1.1.3 A-type Kv channels
A-type K+ currents were initially characterized in vertebrate neurons (Hagiwara et al.,
1961; Connor and Stevens, 1971; Neher, 1971; Thompson, 1977; Llinas, 1988; Rudy, 1988).
The name “A-type” was originally derived from the typical profile of these currents that
rapidly activate at sub-threshold voltages followed by fast inactivation, e.g., Kv1.4 (Figure
2B). Inhibition by 4-aminopyridine and insensitivity to extracellular tetraethylammonium
ions are considered to be pharmacological hallmarks of A-type Kv channels (Thompson,
1977).
1.1.3.1 Physiological functions of A-type Kv channels
A-type Kv channels are abundantly expressed in neuronal, cardiac and smooth muscle cells
(Connor and Stevens, 1971; Dixon et al., 1996; Hoffman et al., 1997; Coetzee et al., 1999;
Amberg et al., 2003).
In the nervous system, A-type Kv channels have been examined extensively and are
thought to regulate firing frequency since they modulate the rate of recovery from the
refractory period (Connor and Stevens, 1971; Tierney and Harris-Warrick, 1992; Bouskila
and Dudek, 1995; Liss et al., 2001). A-type Kv channels are usually silent at resting mem-
brane potentials due to pronounced steady-state inactivation in many neurons (Bouskila
and Dudek, 1995). However, A-type Kv channels transiently activate in these cells during
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the decay of the afterhyperpolarizations phase of the APs, when the membrane potential
becomes sufficiently negative to remove inactivation, tending to reduce the excitatory ef-
fect of depolarizing membrane currents (Connor and Stevens, 1971; Ruppersberg et al.,
1991a). In this manner, A-type K+ currents prolong the period between APs and control
the neuronal firing frequency by means of inactivation (Rudy, 1988; Amberg et al., 2003;
Cai et al., 2007).
A-type K+ currents are also present in atrial and ventricular myocytes and are referred
to as “transient outward” current (Ito) in these cells. In contrast to neuronal A-type
K+ currents, Ito currents are available at resting membrane potentials and predominantly
responsible for the initial repolarization of the cardiac AP (Apkon and Nerbonne, 1991;
Barry and Nerbonne, 1996; Nerbonne, 2000). Pharmacological blockade of Ito with 4-
aminopyridine causes an increase in AP amplitude and duration (Firek and Giles, 1995).
The physiological function of A-type Kv channels in smooth muscles may be related to the
maintenance of membrane potential and regulation of excitability (Amberg et al., 2003).
1.1.3.2 Inactivation kinetics of A-type Kv channels
Inactivation of A-type Kv channels is mediated by fast and slow processes (Hoshi et al.,
1990, 1991). The fast component of inactivation has become known as N-type inactivation
as it is initiated by the N-terminal protein structure (Hoshi et al., 1990) whereas the slow
component is named C-type for its relation to the pore structure (Hoshi et al., 1991).
Figure 3: The “ball-and-chain” model for the N-type inactivation of Kv channels
At resting membrane voltage, the channel is closed and the N-terminal ball domains do not obstruct the
permeation pathway (left). Upon depolarization, the channel enters an open conducting state (middle) and
subsequently a non-conducting inactivated state with one N-type inactivating ball binding to its receptor in the
inner pore (right). Only three of the four α subunits and one “ball” domain are shown for clarity; graphs are
not drawn to scale. Modified after Kurata and Fedida (2006).
The N-type inactivation can be well explained by the “ball-and-chain” model: inactiva-
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tion is produced by one of the four cytosolic N termini; it obstructs the pore of the open
channel (Figure 3). The intrinsically disordered N-terminal protein can be divided into
a positively charged distal “ball” segment that actually blocks the hydrophobic central
cavity/vestibule of the inner pore and a flexible “chain” that provides mobility to the
“ball” and determines the kinetics of inactivation. Moreover, mutational or acute enzymatic
removal of the N terminus eliminates N-type inactivation, while the inactivation can be
restored by intracellularly applying a solution of synthetic peptide with the same amino
acid sequences as the N terminus (Hoshi et al., 1990; Antz and Fakler, 1998).
1.1.3.3 Post-translational protein modification of A-type Kv channels
A wealth of modulators affects A-type Kv channels through post-translational protein
modification. It is assumed that fine-tuning the inactivation properties of these channels
is required to meet specific cellular needs.
A-type Kv channels in both neuronal and cardiac cells can be modulated by phospho-
rylation. Usually, phosphorylation of serine residues in the N-terminal ball domain of these
channels results in altered N-type inactivation through rearranging the inactivating ball
domain (Covarrubias et al., 1994; Antz et al., 1999). Oxidation of cysteine residues in
the N-terminal ball domain slows down or eliminates the inactivation. One explanation is
that N-terminal ball domain is “immobilized” by forming a disulfide bridge with another
protein-based thiol group (Ruppersberg et al., 1991b; Rettig et al., 1994; Duprat et al.,
1995; Sahoo et al., 2014).
In addition to phosphorylation and oxidation, other common post-transcriptional mod-
ifications, like N-glycosylation and palmitoylation, have been shown to influence biochem-
ical properties, current densities and subcellular localization of such channels (Santacruz-
Toloza et al., 1994; Takimoto et al., 2002; Cai et al., 2007). For instance, palmitoylation
of specific cysteines in KChIP3 is required for efficient plasma membrane localization and
up-regulation of functional expression of Kv4.3 channels (Takimoto et al., 2002).
1.1.4 A-type Kv channels in dorsal root ganglion (DRG) neurons
DRG neurons convey the somatosensory information from peripheral organs, such as the
skin, muscles, joint capsules and viscera, to the central nervous system (Kandel et al.,
2013). A diverse group of ion channels expressed in DRG neurons transduce physical,
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thermal or chemical stimuli into electrical signals that are conducted along axons and
finally result in neurotransmitter release (Rasband et al., 2001; Salzer et al., 2019). For
example, transient receptor potential channels (TRPs) initiate temperature sensation in
DRG neurons (Bandell et al., 2004).
Early studies reported that A-type Kv channels (such as Kv1.4, Kv3.4, and Kv4.1,
Kv4.3) were predominately expressed in DRG neurons and that APs shape in these cells
was modified after manipulating the function of A-type Kv channels (Kostyuk et al., 1981;
Pearce and Duchen, 1994; Gold et al., 1996; Ritter et al., 2012, 2015b; Zemel et al., 2018),
suggesting physiological roles of A-type K+ currents in regulating neuronal excitability.
Consistently, A-type Kv currents in DRG neurons are reduced in multiple chronic pain
models (Everill and Kocsis, 1999; Stewart et al., 2003; Takeda et al., 2006; Xu et al., 2006;
Zhang et al., 2007a, 2019).
1.1.4.1 Kv1.4 channel
In DRG neurons, the expression of Kv1.4 channel (Kcna4) was identified in the neuronal
soma and axon using immunohistochemistry, immunoblotting, western blot and polymerase
chain reaction (PCR) (Ishikawa et al., 1999; Rasband et al., 2001; Yang et al., 2004; Qian
et al., 2009; Cao et al., 2010; Duan et al., 2012), and a great reduction in Kv1.4 expression
was found after nerve injury (Rasband et al., 2001).
The biophysical properties and expression of Kv1.4 are susceptible to a number of
signaling processes. For example, inactivation of Kv1.4 can be regulated by phosphory-
lation: on the one hand, Ca2+/calmodulin-dependent phosphorylation cascades lead to
slower inactivation kinetics of Kv1.4; on the other hand, calcineurin reverses this effect
by dephosphorylation (Roeper et al., 1997). Thus, Kv1.4 inactivation is susceptible to
the changes of intracellular Ca2+, providing a mechanism of regulating critical frequency
for presynaptic spike broadening and synaptic plasticity induction (Roeper et al., 1997).
A-type K+ current density in DRG neurons is decreased and Kv1.4 expression is downregu-
lated after exposure to transforming growth factor β 1 (TGFβ1), resulting in depolarization
of the resting membrane potential and broadening of the AP (Zhu et al., 2012). This may
explain the modulation of sensory neuronal function in chronic inflammation by TGFβ1
(Zhu et al., 2012).
Additionally, a cysteine residue at position 13 (C13) has been shown to be involved in
oxidation-dependent regulation of Kv1.4 inactivation (Ruppersberg et al., 1991b) (Figure
4). When Kv1.4 channels were expressed in Xenopus oocytes, the inactivation was fast in
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the cell-attached configuration with reducing cytosol; however, upon patch excision, the
inactivation was largely slowed due to exposing the cytosolic side of the patch to ambient
oxygen-saturated recording solution. After pushing the patch back into the reducing cy-
tosol, the fast inactivation was obtained (Ruppersberg et al., 1991b; Sahoo et al., 2014).
The sensitivity of Kv1.4 to the intracellular oxidation was rendered by the C13S mutant.
A cysteine in the same position also forms the binding motif CXXHX16H in the N terminus
of Kv1.4 for free heme. Once heme binds to the motif, the inactivation is impaired due to
the conformational change of the inactivating ball domain (Sahoo et al., 2013).
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Figure 4: N-terminal ball domain in an A-type Kv α subunit
Top. The N termini of A-type Kv channel α subunits (blue filled circle) harbor “ball” domains responsible for
N-type inactivation. Bottom. N-terminal sequences of rat Kv1.4, rat Kv3.3, and rat Kv3.4 are aligned (Sahoo
et al., 2014); cysteine (yellow) and histidine (green) residues are highlighted. Residue numbers are indicated
based on respective sequences from the UniProt database.
1.1.4.2 Kv3.4 channel
Immunohistochemical analysis revealed that Kv3.4 channels (Kcnc4) express in the axon,
soma and presynaptic terminals of DRG neurons (Chien et al., 2007; Ritter et al., 2015b;
Zemel et al., 2017; Muqeem et al., 2018).
Kv3.4 channels contribute to nociceptor AP repolarization and AP duration (Ritter
et al., 2012, 2015a; Liu et al., 2017). Dysfunction of Kv3.4 activity has large effects on
nociceptor excitability (Zemel et al., 2018). For instance, knock-down or inhibition of
Kv3.4 channels in DRG neurons induces AP broadening, while phosphorylation of these
channels leads to AP shortening (Ritter et al., 2012, 2015b; Muqeem et al., 2018; Zemel
et al., 2018). Similarly to Kv1.4, oxidation of a cysteine residue at position 6 in the N-
terminal inactivation ball domain of Kv3.4 removes inactivation (Stephens and Robertson,
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1995) (Figure 4), which may be explained by forming a disulfide bond between the ball
and another part of the channel (Stephens and Robertson, 1995).
1.1.4.3 Kv4 channels
All three Kv4 channels’ (Kv4.1-Kv4.3) mRNA isoforms (Kcnd1-3) are present in DRG
preparations with differential expression (Kim et al., 2002; Winkelman, 2005; Zemel et al.,
2018). In all sizes of DRG neurons, Kv4.1 mRNA has been detected. In small size DRG
neurons, Kv4.2 mRNA is absent, while Kv4.3 mRNA is mainly found in this type of DRG
neurons (Phuket, 2009; Matsuyoshi et al., 2012; Yunoki et al., 2014).
In contrast to N-type inactivating Kv1.4 and Kv3.4 channels, Kv4 channels, although
having N-terminal inactivating ball domains, do not undergo N-type inactivation in their
native configuration. However, N-terminal inactivating ball domains of Kv4 channels act
as binding domains for KChIPs (An et al., 2000; Bahring et al., 2001; Pioletti et al., 2006;
Wang et al., 2007; Covarrubias et al., 2008; Jerng and Pfaffinger, 2014). The Kv4/KChIPs
complex undergoes rapid inactivation via a distinct mechanism which may involve the
failure of the voltage sensors to actively open the activation gate (Bahring and Covarrubias,
2011). In some cases, N-type inactivation of Kv4 channels can be introduced by interacting
with the cytoplasmic N termini of DPPLs (Dougherty and Covarrubias, 2006; Amarillo
et al., 2008; Jerng et al., 2004b, 2009; Kaulin et al., 2009; Nadin and Pfaffinger, 2010).
1.1.5 Kvβ-mediated N-type inactivation
In vivo, Kv channels often appear as heteromultimeric complexes coassembled with ancil-
lary β subunits. For example, purified Kv channels from bovine brain were implicated as
tightly associated octameric structures in a stoichiometry of four α and four β subunits
(4Kvα/4Kvβ) (Parcej et al., 1992; Scott et al., 1990, 1994) (Figure 5A).
Each α and β subunit in a Kvα/Kvβ complex is associated by a contact loop, which
supplies the docking surface for Kvβ subunit (Li et al., 1992; Parcej et al., 1992; Shen
et al., 1993; Sewing et al., 1996; Gulbis et al., 2000; Parcej and Eckhardt-Strelau, 2003;
Sokolova et al., 2003; Long et al., 2005b; Pongs and Schwarz, 2010). The contact loop
engages only a few amino acids of Kvα tetramerization domain (T1), these amino acids are
highly conserved among members of the Kv1α subfamily (Sewing et al., 1996). Therefore,
the conserved contact loop provides a molecular explanation to the specificity of Kv1α and
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Kvβ subunit interactions (Gulbis et al., 2000).
A B
Side view
Out
In
4x
 S
1-
S
6
4x
 T
1 
4x
 K
vβ
 
Kvβ1.1
Kvβ1.2
Kvβ1.3
Kvβ2.1
Kvβ2.2
Kvβ3.1
Variable N-terminal region Conserved C-terminal region
Ball domain
Figure 5: Structure of a Kvα/Kvβ channel complex and Kvβ protein family
A. Structure of four α subunits as in Figure 1A coassembled with four Kvβ2 (Kcnab2) subunits through four
tetramerization (T1) domains (structural data from PDB 2R9R, Long et al. (2005b), and Sahoo et al. (2014)).
B. Bar diagram of Kvβ protein family members (Pongs and Schwarz, 2010) with conserved C-terminal regions
(blue), and variable N-terminal regions, including the N-type inactivation ball domains (red); not drawn to
scale.
In mammalian genomes, there are three Kvβ genes: Kcnab1-3. Alignment of the Kvβ
protein family unmasks variable N termini followed by a highly conserved core domain
(about 330 residues long) (Figure 5B) (Pongs and Schwarz, 2010). The conserved core
domains have been shown to function as aldo-keto reductases that use NADPH (reduced
nicotinamide adenine dinucleotide phosphate) as a cofactor (McCormack and McCormack,
1994; Weng et al., 2006; Pan et al., 2008a; Tipparaju et al., 2008). In addition to the core
domains, Kvβ1 and Kvβ3 have N-terminal inactivating ball domains (about 70 residues
long). Some of these Kvβ N-terminal inactivating ball domains can interact with Kv1α
subunits, and thereby introduce N(β)-type inactivation to non-inactivating delayed rectifier
Kv channels by the “ball-and-chain” mechanism (Rettig et al., 1994; Heinemann et al., 1995;
Morales et al., 1995; Zhou et al., 2001).
In the family of Kv1 channel α subunits, only Kv1.4, as highlighted in Table 1 is ca-
pable of generating A-type K+ currents on its own (Figure 2B). However, Kvβ1 and Kvβ3
harboring N-terminal “ball” domains substantially contribute to the fine-tuning of A-type
Kv channel inactivation and thereby regulate electrical excitability. For instance, C7 in
Kvβ1.1 (Rettig et al., 1994), C7 and C22 in Kvβ3 (Heinemann et al., 1996) render the Kv
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channels (e.g., Kv1.1 and Kv1.5) sensitive to intracellular redox milieu changes like Kv1.4
and Kv3.4 channels (Ruppersberg et al., 1991b; Rettig et al., 1994; Stephens et al., 1996b,a;
Sahoo et al., 2014) (Figure 6).
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Figure 6: N-terminal ball domain in an A-type Kv α subunit
As in Figure 4, α subunit topological models of a delayed rectifier channel coassembled with an auxiliary
Kvβ subunit at the tetramerization site (T1) (top), N-terminal sequences of human Kvβ subunits are aligned
(bottom).
Kvβ2, instead, has a shorter N terminus (Figure 5B), accelerates Kv1.4 N-type inac-
tivation (McCormack et al., 1995), but it does not induce inactivation when coexpressed
with non-inactivating delayed rectifier Kv1 channels (Heinemann et al., 1996). To ex-
plore the expression and assembly of Kvβ2 with Kv1α subunits, chimeric Kvβ2 subunits
N(Kvβ1.1)·C(Kvβ2) and N(Kvβ3)·C(Kvβ2) were generated by splicing N-terminal inacti-
vating domains of Kvβ1.1 or Kvβ3 to the N terminus of Kvβ2. Both chimeric Kvβ2 subunits
induced N-type inactivation of Kv1.1 and Kv1.5, suggesting the expression of Kvβ2 and
the association of Kvβ2 with these Kv1α subunits (Heinemann et al., 1996).
Moreover, the degree and kinetics of N(β)-type inactivation are dependent on the phos-
phorylation state (Covarrubias et al., 1994; Kwak et al., 1999), lipid composition (Oliver
et al., 2004), and the level of free intracellular Ca2+ (Jow et al., 2004; Decher et al., 2008;
Swain et al., 2015). Also, because the core domains of Kvβ subunits use NADPH as a co-
factor, oxidation of the Kvβ-bound NADPH inhibits N(β)-type inactivation by restraining
the N-terminal inactivating ball domains (Pan et al., 2011).
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1.2 Reactive sulfur species (RSS)
Hydrogen sulfide (H2S) is a colorless, flammable gas with the smell of rotten eggs, it has
been known for its toxicity and environmental hazard over centuries (Wang, 2012; Wallace
and Wang, 2015; Filipovic et al., 2018). However, H2S has crucial effects on cell signaling
processes that are particularly relevant to its wide range of physiological functions (Li
et al., 2011; Wang, 2012; Wallace and Wang, 2015; Filipovic et al., 2018). Therefore, H2S
is regarded as the third member of biologically active gaseous transmitters after nitric oxide
(NO) and carbon monoxide (CO) (Wang, 2002, 2003, 2014).
H2S has a pKa1 of about 7 at 25 °C (Chen and Morris, 1972; Li and Lancaster, 2013;
Iciek et al., 2015) and, thus, in aqueous solutions it is in equilibrium with more oxidized sul-
fur species, such as hydropersulfides (HSSH), polysulfides (H2Sn) and thiosulfate (S2O32–)
(Miranda and Wink, 2014; Cuevasanta et al., 2017). In parallel to the extensively studied
reactive oxygen species (ROS) and reactive nitrogen species (RNS), these sulfur-containing
agents can react (e.g., oxidize or reduce) with other molecules under physiological condi-
tions, and are often collectively categorized as “reactive sulfur species” (RSS) (Iciek et al.,
2015; Mishanina et al., 2015).
1.2.1 Biosynthesis of hydrogen sulfide (H2S)
L-CysteineHomocysteine D-Cysteine
CSE
CBS
3MST
3MP
CAT DAO
H2S
Cytosol
Figure 7: Biosynthesis of H2S
H2S is produced from homocysteine, l-Cysteine alone or l-Cysteine along with homocysteine via enzymes
cystathionine γ-lyase (CSE) and cystathionine β-synthase (CBS) (Wang, 2012; Kimura, 2015; Wallace and
Wang, 2015; Filipovic et al., 2018). l-Cysteine and d-Cysteine can also be metabolized to 3-mercaptopyruvate
(3MP) by cysteine aminotransferase (CAT) and d-amino acid oxidase (DAO), respectively (Kimura, 2015).
Afterwards, 3-MP is metabolized to H2S by 3-mercaptopyruvate sulfurtransferase (3MST).
In mammalian cells, using homocysteine, l-cysteine, d-cysteine and their derivatives as
the substrates, H2S is generated mostly through three enzymatic pathways of cystathionine
γ-lyase (CSE), cystathionine β-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase
(3MST) (Wang, 2012; Kimura, 2015; Wallace and Wang, 2015; Filipovic et al., 2018) (Fig-
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ure 7). For example, in the cardiovascular system, the production of H2S is predominantly
regulated by CSE whereas CBS is the enzyme mostly responsible for H2S production in
the nervous system (Wang, 2012; Wallace and Wang, 2015; Filipovic et al., 2018).
1.2.2 Endogenous H2S level and its physiological functions
Depending on the analytical methods, a range of endogenous physiological H2S levels in
various tissues and cells, from nanomolar concentrations to more than 1 mM, has been
reported (Furne et al., 2008; Shen et al., 2012; McCook et al., 2014; Zhang et al., 2014;
Filipovic et al., 2018). The broad distribution of H2S, such as in nervous and cardiovascular
systems, underlies the wide scope of their physiological effects (Li et al., 2011; Wang, 2012;
Kabil et al., 2014; Filipovic et al., 2018).
In the nervous system, H2S functions as a signaling molecule by modulating neurotrans-
mission and neuromodulation (Wang, 2012). For example, levels of H2S were reported to
be severely diminished in the brains of Alzheimer’s disease patients in comparison to those
of the healthy individuals (Eto et al., 2002; Giuliani et al., 2013). Pretreatment with the
H2S donor NaHS improved learning and memory deficits in a rat model of Alzheimer’s
disease (Xuan et al., 2012a). Markedly decreased production of H2S was also reported in
Huntington’s disease (Paul et al., 2014; Sbodio et al., 2016). Numerous roles of H2S have
been identified in the cardiovascular system, including attenuating myocardial ischemia
reperfusion injury, promoting angiogenesis, relaxing smooth muscle cells and regulating
blood pressure (Elrod et al., 2007; Elsey et al., 2010; Predmore and Lefer, 2010; Szabo and
Papapetropoulos, 2011; Shen et al., 2015).
1.3 Effects of RSS on ion channels
H2S is freely permeable through plasma membranes and one major group of target proteins
is membrane ion channels (Chen et al., 2002; Wilkinson and Kemp, 2011; Gamper and
Ooi, 2015). Regulation of different ion channels underpins various systemic responses to
H2S in the nervous and cardiovascular systems (Tang et al., 2010; Li et al., 2011; Peers
et al., 2012). For example, H2S functions as a neuromodulator in the brain by enhancing
n-methyl-d-aspartate receptor-mediated responses and strengthening hippocampal long-
term potentiation (Abe and Kimura, 1996); through persulfidation of one cysteine residue
(C43) in the Kir6.1 subunit of KATP channels, H2S activates the channel in vascular smooth
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muscle cells, lowers blood pressure, and protects the heart from ischemia/reperfusion injury
(Zhao et al., 2001; Zhang et al., 2007b; Mustafa et al., 2011).
The transient receptor potential ankyrin 1 (TRPA1) channel, which is a member of
the TRP family of ion channels and widely expressed in neuronal cells (e.g., sensory DRG
neurons) (Bautista et al., 2005), transduces a variety of stimuli to the central nervous
system, including chemical, thermal and mechanical irritants (Nilius et al., 2012). In both
cultured DRG neurons and heterologous cell expression systems (e.g., HEK293), H2S (from
donor NaHS) activated TRPA1 channels to induce Ca2+ influx by targeting two cysteine
residues (C422 and C622) in the N terminus of the channel (Streng et al., 2008; Ogawa
et al., 2012). However, polysulfide (from the donor Na2S3) affected the channels much more
potently (approximately 1000 times) than that of NaHS (Kimura et al., 2013), suggesting
polysulfides, which can be generated from NaHS, may actually activate TRPA1 channels
(Streng et al., 2008; Nagy and Winterbourn, 2010; Toohey, 2011; Ogawa et al., 2012).
1.4 Interaction of heme with ion channels
Heme (Fe2+-protoporphyrin-IX, ferroprotoporphyrin) is a metallic organic compound con-
sisting of an iron atom (ferrous iron, Fe2+) in the center and a protoporphyrin-IX ring,
where iron is coordinated with the protoporphyrin-IX ring through its four nitrogen atoms
(Sahoo et al., 2013; Burton et al., 2016). When the central ferrous iron in heme is oxidized
to its ferric state (Fe3+), the complex is named hemin (Fe3+-protoporphyrin-IX, ferriproto-
porphyrin). Heme is known as an essential protein prosthetic group, and heme-containing
proteins play vital roles in diverse biological functions, such as oxygen transport, elec-
tron transfer, and gas sensing and transport (Tsiftsoglou et al., 2006; Hanna et al., 2017;
Donegan et al., 2019).
Additionally, heme can act as a nongenomic modulator of ion channel functions, such
as big-conductance Ca2+-sensitive K+ (BKCa) channel (Tang et al., 2003; Horrigan et al.,
2005; Jaggar et al., 2005), epithelial Na+ channel (Wang et al., 2009), A-type Kv1.4 channel
(Sahoo et al., 2013), and KATP channel (Burton et al., 2016). In all three K+ channels, heme
modulates channel activity through interacting with a flexible region of the cytoplasmic
channel domain. In the case of BKCa channels, heme binds to the C-terminal CXXCH motif
(Tang et al., 2003; Jaggar et al., 2005); for Kv1.4 channels, heme binds to the CXXHX18H
motif in the N terminus (Sahoo et al., 2013); and for KATP channels, heme is suggested to
bind to the similar CXXHX16H motif in the cytoplasmic sulfonylurea receptor 2A domain
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(Burton et al., 2016). Thus, there may be similarities in the modes of heme binding across
different K+ channels. As RSS and heme share biological targets (e.g., cysteine residues)
in ion channels and have the ability to interact chemically with each other (Pietri et al.,
2011; Donegan et al., 2019), it is therefore expected that RSS signaling interplays with
that of heme.
1.5 Objectives
A-type Kv channels are major regulators of neuronal excitability that have been mainly
characterized in the nervous systems (Zemel et al., 2018). Fine-tuned regulations of N-
type inactivation of these channels, such as oxidation (Ruppersberg et al., 1991b; Rettig
et al., 1994; Duprat et al., 1995; Stephens et al., 1996a; Hsieh, 2008), phosphorylation
(Covarrubias et al., 1994; Drain et al., 1994; Antz et al., 1999; Kwak et al., 1999; Birnbaum
et al., 2004; Cai et al., 2005; Ritter et al., 2012) and heme (Sahoo et al., 2013), are effective
ways of modifying cells to meet specific requirements.
The endogenously produced gaseous messenger H2S utilizing the donor NaHS has var-
ious impacts on cellular excitability, including changes in AP characteristics (Feng et al.,
2013) and Ca2+ entry (Streng et al., 2008; Ogawa et al., 2012). Functional properties of
multiple ion channels (e.g., KATP and BKCa) are diversely regulated by applying NaHS
(Tang et al., 2010), suggesting direct or indirect effects of H2S on these channels. For
instance, cysteine residues in targeted channel proteins may be modified by H2S through
persulfide formation (sulfhydration) (Paul and Snyder, 2012; Cuevasanta et al., 2017); cel-
lular levels of various reactive species may also be altered by H2S (Li et al., 2011; Sun
et al., 2012; Spassov et al., 2017).
With the existence of cysteine residues in the N-terminal inactivating ball domains of A-
type Kv channels (e.g., Kv1.4 and Kv3.4), and many Kvβ subunits that induce N-type inac-
tivation of non-inactivating delayed rectifier Kv1 channels, we hypothesize that inactivation
of these channels may be modulated by sulfide species, as well as by other stress mediators,
such as glutathionylation inducing reagent diamide (1,1’-azobis[N,N-dimethylformamide])
and cysteine-specific modifier DTNP (2,2’-dithiobis[5-nitropyridine]), and heme.
In the first part of this work, the effects of sulfide species on the electrical activity and
native A-type Kv channels of DRG neurons were investigated. Their donors NaHS/Na2Sn
affected the APs and markedly impaired the N-type inactivation of native A-type Kv
channels in DRG neurons as well as the heterologously expressed Kv1.4 and Kv3.4 channels
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in HEK293T cells. Furthermore, similar experiments were performed on Kvβ-induced
N-type inactivation of non-inactivating delayed rectifier Kv1 channels. In addition, the
molecular loci required for the interaction of Kv3.4 and Kv1.4/Kvβ1 with hemin were
analyzed.
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2 Materials and methods
2.1 Materials
2.1.1 Bacterial strain and cell line
2.1.1.1 E.coli strain
XL1-Blue competent cells (Stratagene, Darmstadt, Germany)
2.1.1.2 Cell line
HEK293T cells (Human embryonic kidney 293T cells, Center for Applied Microbiology and
Research, Porton Down, Salisbury, UK)
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2.1.2 Plasmid and vector
Plasmid vector pcDNA3 was used for transient cytomegalovirus (CMV) promoter-driven
expression in mammalian cells (Invitrogen, Darmstadt, Germany). All the mutants were
generated by site-directed mutagenesis and later verified by DNA sequencing, and they
are termed by amino acid residues substitution (e.g., C13S of Kv1.4, means cysteine at
position 13 is substituted by serine), which are listed in Table 2.
Table 2: List of DNA constructs and mutants
2.1.3 Chemicals and reagents
Unless otherwise stated, all chemicals were used to prepare solutions used in high-grade ob-
tained from Sigma-Aldrich (Taufkirchen, Germany) and Carl Roth (Karlsruhe, Germany).
Cell culture materials were from Life Technologies (Darmstadt, Germany).
2.1.3.1 NaHS and polysulfides
Sodium hydrogen sulfide (NaHS) was obtained from Cayman Chemical (Ann Arbor,
MI, USA). Sodium polysulfide set, including sodium disulfide (Na2S2), sodium trisulfide
(Na2S3), and sodium tetrasulfide (Na2S4), was obtained from Dojindo Molecular Tech-
nologies (Kumamoto, Japan). High-concentration stocks of NaHS (500 mM) and sodium
polysulfides (100 mM) were prepared in respective electrophysiological recording bath so-
lutions, and then diluted to the desired concentrations right before application. Stock
solutions of NaHS and polysulfides were used within one hour of preparation, except for
the NaHS “aging” experiments.
19
2.1 Materials
2.1.3.2 Hemin
Hemin (Fe3+-protoporphyrin-IX) was purchased from Sigma-Aldrich. Stock solution of
hemin at 1 mM was prepared daily by dissolving hemin powder in 30 mM NaOH for
30 min and then votexed, and stored at 4 °C in the dark. Working solutions (40 nM,
200 nM, 500 nM or 1 µM) of hemin were prepared from stock solution immediately before
use.
2.1.3.3 Other reagents and chemicals
Reduced glutathione (GSH), 1,4-Dithiothreitol (DTT), hydrogen peroxide solution (H2O2,
30% w/w in H2O), 1,1’-azobis[N,N-dimethylformamide] (diamide) and 2,2’-dithiobis[5-
nitropyridine] (DTNP) were from Sigma-Aldrich.
2.1.4 Molecular biology buffer and solution
Tryptone yeast (TY) medium for E.coli growth
Ingredients Mass (g)
Tryptone/peptone 10
Yeast extract 5
NaCl 5
Add H2O to 1 l, autoclave, pH 7.0
Add 15 g agar to 1 l for agar plates, pH 7.0
Phosphate-buffered saline (PBS) for cell washing
Ingredients Concentration (mM)
Na2HPO4·7H2O 4.3
KH2PO4 1.4
NaCl 137
KCl 2.7
pH 7.4
2.1.5 Electrophysiological recording solutions
Bath and pipette solutions for different electrophysiological recording configurations are
listed below, and before experimental use, all solutions were filtered using 0.2 µm non-
pyrogenic sterile-R filters (Filtropur S 0.2, SARSTEDT AG & Co. KG, Nümbrecht, Ger-
many). Unless otherwise stated, experiments in the results part were performed using bath
and pipette solutions at pH 7.4.
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2.1.5.1 Whole-cell patch-clamp recording
For Kv1.4 and Kv1.4/Kvβ
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 10 KCl 20
CaCl2 1.5 MgCl2 1
MgCl2 1 EGTA 10
HEPES 10 HEPES 10
pH 6.9, 7.4 or 7.9 with HCl pH 6.9, 7.4 or 7.9 with HCl
For Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 4 KCl 20
CaCl2 1.5 MgCl2 1
MgCl2 1 EGTA 10
HEPES 10 HEPES 10
pH 7.4 with HCl pH 7.4 with HCl
For Kvα/β
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 KCl 140
KCl 4 MgCl2 1
CaCl2 1.5 EGTA 10
MgCl2 1 HEPES 10
HEPES 10
pH 7.4 with HCl pH 7.4 with KOH
For DRG neurons action potential
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NaCl 140 KCl 140
KCl 3 Mg-ATP 3
CaCl2 2 EGTA 0.5
MgCl2 2 HEPES 5
HEPES 10
pH 7.3 with NaOH pH 7.3 with KOH
For Kv3.4 For DRG neurons A-type channels
Ingredients Concentration (mM) Ingredients Concentration (mM)
NMG 148 NMG 148
KCl 4 KCl 10
CaCl2 1.5 CaCl2 1.5
MgCl2 1 MgCl2 1
HEPES 10 HEPES 10
pH 7.4 with HCl pH 6.9 with HCl
For Kv1.4/Kvβ and Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients Concentration (mM)
KCl 140 NMG 148
EGTA 10 KCl 10
HEPES 10 CaCl2 1.5
Reduced GSH 0.2
MgCl2 1
HEPES 10
pH 7.9 with KOH pH 7.9 with HCl
For Kv1.4 and Kv1.4/Kvβ
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 10 KCl 20
CaCl2 .5 MgCl2 1
Mg l2 1 EGTA 10
HEPES 10 HEPES 10
pH 6.9, 7.4 or 7.9 with HCl pH 6.9, 7.4 or 7.9 with HCl
For Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 4 KCl 20
CaCl2 .5 MgCl2 1
Mg l2 1 EGTA 10
HEPES 10 HEPES 10
pH 7.4 with HCl pH 7.4 with HCl
For Kvα/β
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 KCl 140
KCl 4 MgCl2 1
CaCl2 .5 EGTA 0
Mg l2 1 HEPES 10
HEPES 10
pH 7.4 with HCl pH 7.4 with KOH
For DRG neurons action potential
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NaCl 140 KCl 140
KCl 3 Mg-ATP 3
CaCl2 2 EGTA 0.5
Mg l2 2 HEPES 5
HEPES 10
pH 7.3 with NaOH pH 7.3 with KOH
For Kv3.4 For DRG neurons A-type channels
Ingredients Concentration (mM) Ingredients Concentration (mM)
NMG 148 NMG 148
KCl 4 KCl 10
CaCl2 .5 CaCl2 .5
Mg l2 1 Mg l2 1
HEPES 0 HEPES 0
pH 7.4 with HCl pH 6.9 with HCl
For Kv1.4/Kvβ and Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients Concentration (mM)
KCl 140 NMG 148
EGTA 10 KCl 10
HEPES 0 CaCl2 .5
Reduced GSH 0.2
Mg l2 1
HEPES 10
pH 7.9 with KOH pH 7.9 with HCl
2.1.5.2 Cell-attached patch-clamp recording (identical bath and pipette solu-
tions)
For Kv1.4 and Kv1.4/Kvβ
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 10 KCl 20
CaCl2 1.5 MgCl2 1
MgCl2 1 EGTA 10
HEPES 10 HEPES 10
pH 6.9, 7.4 or 7.9 with HCl pH 6.9, 7.4 or 7.9 with HCl
For Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) In redients
Concentration 
(mM)
NMG 148 NMG 120
KCl 4 KCl 20
CaCl2 1.5 MgCl2 1
MgCl2 1 EGTA 10
HEPES 10 HEPES 10
pH 7.4 with HCl pH 7.4 with HCl
For Kvα/β
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 KCl 140
KCl 4 MgCl2 1
CaCl2 1.5 EGTA 10
MgCl2 1 HEPES 10
HEPES 10
pH 7.4 with HCl pH 7.4 with KOH
For DRG neurons action potential
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NaCl 140 KCl 140
KCl 3 Mg-ATP 3
CaCl2 2 EGTA 0.5
MgCl2 2 HEPES 5
HEPES 10
pH 7.3 with NaOH pH 7.3 with KOH
For Kv3.4 For DRG neurons A-type channels
Ingredients Concentration (mM) Ingredients Concentration (mM)
NMG 148 NMG 148
KCl 4 KCl 10
CaCl2 1.5 CaCl2 1.5
MgCl2 1 MgCl2 1
HEPES 10 HEPES 10
pH 7.4 with HCl pH 6.9 with HCl
For Kv1.4/Kvβ and Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients Concentration (mM)
KCl 140 NMG 148
EGTA 10 KCl 10
HEPES 10 CaCl2 1.5
Reduced GSH 0.2
MgCl2 1
HEPES 10
pH 7.9 with KOH pH 7.9 with HCl
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2.1.5.3 Inside-out patch-clamp recording
For Kv1.4 and Kv1.4/Kvβ
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 10 KCl 20
CaCl2 1.5 MgCl2 1
MgCl2 1 EGTA 10
HEPES 10 HEPES 10
pH 6.9, 7.4 or 7.9 with HCl pH 6.9, 7.4 or 7.9 with HCl
For Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 NMG 120
KCl 4 KCl 20
CaCl2 1.5 MgCl2 1
MgCl2 1 EGTA 10
HEPES 10 HEPES 10
pH 7.4 with HCl pH 7.4 with HCl
For Kvα/β
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NMG 148 KCl 140
KCl 4 MgCl2 1
CaCl2 1.5 EGTA 10
MgCl2 1 HEPES 10
HEPES 10
pH 7.4 with HCl pH 7.4 with KOH
For DRG neurons action potential
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients
Concentration 
(mM)
NaCl 140 KCl 140
KCl 3 Mg-ATP 3
CaCl2 2 EGTA 0.5
MgCl2 2 HEPES 5
HEPES 10
pH 7.3 with NaOH pH 7.3 with KOH
For Kv3.4 For DRG neurons A-type channels
Ingredients Concentration (mM) Ingredients Concentration (mM)
NMG 148 NMG 148
KCl 4 KCl 10
CaCl2 1.5 CaCl2 1.5
MgCl2 1 MgCl2 1
HEPES 10 HEPES 10
pH 7.4 with HCl pH 6.9 with HCl
For Kv1.4, Kv1.4/Kvβ and Kv3.4
Bath solution Pipette solution
Ingredients Concentration (mM) Ingredients Concentration (mM)
KCl 140 NMG 148
EGTA 10 KCl 10
HEPES 10 CaCl2 1.5
Reduced GSH 0.2
MgCl2 1
HEPES 10
pH 7.9 with KOH pH 7.9 with HCl
2.2 Methods
2.2.1 Plasmid transformation, amplification and purification
1 µg of the desired plasmid was mixed with 50 µl E. coli strain XL1-Blue competent
cells and kept on ice for 40 minutes, then 25 µl mixed cells were spread on a TY 1.5%
agar plate with 100 µg/ml ampicillin and incubated at 37 °C overnight (16-18 h) to allow
colonies to form. Subsequently, a single picked colony was inoculated in 100 ml TY medium
with 100 µg/ml ampicillin, and it was amplified in a 37 °C, 180 rpm shaking incubator
overnight. The amplified plasmid was extracted and purified with PureYieldTM Plasmid
Midiprep System (Promega, Mannheim, Germany) according to the technical manual of
the supplier, then the concentration of purified plasmid was determined by GeneQuantTM
1300 UV/Visible Spectrophotometer (GE Healthcare, Munich, Germany).
2.2.2 Cell culture and transfection
2.2.2.1 Culture of HEK293T cells
To facilitate the correlation of Kv channel function with the expressed channel gene, a
suitable heterogeneous expression system is required. Because HEK293T cells are quick to
reproduce, easy to maintain and amenable to transfect, they have been widely used as an
expression tool for K+ channels (Thomas and Smart, 2005).
HEK293T cells (Center for Applied Microbiology and Research, Porton Down, Sal-
isbury, UK) were cultured in 50 ml 25 cm2 cell culture flasks (Greiner-Bio-One GmbH,
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Frickenhausen, Germany) filled with 7 ml complete cell culture medium composed of 45%
Dulbecco’s modified Eagle’s medium (DMEM) and 45% Ham’s F-12 Nutrient Mixture,
supplemented with 10% fetal calf serum (FCS) in a humid 37 °C incubator with 5% CO2.
The cells were subcultured every 2 to 3 days when grown to 70-80% of the surface of the
culture flask.
To subculture the cells, the culture medium was removed and discarded, and the cells
were washed with 5 ml PBS buffer and then trypsinized by incubation with 0.3 ml 0.05%
Trypsin-EDTA (ethylenediaminetetraacetic acid) solution for 30 s to 1 min. This reaction
was stopped with 3 ml complete cell culture medium, and the cells were detached and
dissociated by pipetting up and down the medium several times. Cell suspensions in the
volume of 0.1 ml, 0.2 ml and 0.5 ml were transferred to three new 50 ml 25 cm2 cell culture
flasks filled with 7 ml complete cell culture medium separately.
To seed cells, the volume of 0.3-0.5 ml cell suspension was diluted in 25 ml complete cell
culture medium. For each well of the 24-well cell culture plate (Greiner-Bio-One GmbH)
with glass cover slip (12 mm diameter, 0.17 mm thickness, Menzel-Gläser, Braunschweig,
Germany) at the bottom of each well, 1 ml diluted cell suspension was seeded for elec-
trophysiological measurements; the volume of 2 ml diluted cell suspension was seeded in
the hollow petri dish (35 mm diameter), with glass cover slips (25 mm diameter, 0.17 mm
thickness, Menzel-Gläser) sticking to the bottom by silicone elastomer (RTV615, KVD,
Bad Wimpfen, Germany), for fluorescence measurements.
2.2.2.2 Transfection
HEK293T cells were transiently transfected with plasmid DNA using Roti®-Fect transfec-
tion kit (Carl Roth, Karlsruhe, Germany) the day after seeding (16-24 h), when the cells
were about 50% confluent. Roti®-Fect is a liposome formulation composed of a polycationic
lipid and a neutral colipid. It condenses DNA to compact structures (Roti®-Fect/nucleic
acid-complexes) and ensures high efficient uptake into HEK293T cells.
For the cells of each well in the 24-well cell culture plate, 0.1-0.75 µg plasmid and
0.7 µl Roti®-Fect transfection reagent were mixed in 70 µl of DMEM-F12 (1:1) medium
and incubated at room temperature for 20-30 minutes and then added to the well. For the
cells in petri dish, 2 µg roGFP2 (the redox-sensitive green fluorescent protein 2) fluorescent
protein and 2 µl Roti®-Fect were mixed in 200 µl DEMEM-F12 medium. Transfected cells
were incubated at 37 °C with 5% CO2 for 1-2 days before electrophysiological or fluorescence
measurements were performed.
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Cells not transfected with fluorescent proteins were co-transfected with 0.1 µg human-
CD8 (cluster of differentiation 8) plasmid per well, and on the day of electrophysiological
recording, 0.5 µl anti-CD8-coated superparamagnetic Dynabeads® (4.5 µm diameter; from
Invitrogen, Life Technologies, Norway) were used for visual identification of transfected
cells in each well. These beads are coated with a primary monoclonal antibody specific
for the CD8 membrane antigen mainly expressed on human cytotoxic T cells, thus, the
positively transfected cells can be identified.
2.2.3 Preparation of DRG neurons
DRG neurons were prepared from 6-20 weeks old wild-type C57BL/6J mice as described
previously (Dib-Hajj et al., 2009). Animal care and experimental procedures were according
to protocols in accordance with the guidelines established by the animal welfare committee
of Jena University Hospital (registration number UKJ:TWZ18-2017).
The respective mouse was anesthetized with CO2 and killed by cervical dislocation.
Then the spinal cord was removed and longitudinally bisected. After removal of grey and
white matter, DRG neurons from all accessible levels of the spinal cord were extracted
and stored in ice-cold buffer containing (in mM) 137 NaCl, 5.3 KCl, 5.3 MgCl2, 3 CaCl2,
25 sorbitol, and 10 HEPES, pH 7.2 with NaOH. DRG neurons were detached and isolated
by a combination of enzymatic treatment with LiberaseTM purified enzyme blends TH
(high thermolysin concentration) and papain (30 U/ml, final concentration) for 20 min,
and TM (medium thermolysin concentration) and accutase for 10 min (both TH and TM
were from Roche Life Science, Mannheim, Germany; both papain and accutase were from
Sigma) at 37 °C and then mechanical trituration. Subsequently, neurons were suspended
in DRG medium (86% DMEM, 10% FCS, 4% penicillin/streptomycin) and seeded on glass
coverslips, which were coated with poly-l-lysine (Sigma) and filled in 24-well cell culture
plate. Cells were cultivated in a humidified 37 °C incubator with 5% CO2 for up to 48 h
for electrophysiological recordings.
2.2.4 Patch-clamp technique
2.2.4.1 Preparation of patch-clamp pipettes
Patch pipettes were fabricated from borosilicate glass with filament (BioMedical Instru-
ments, Zöllnitz, Germany), with outer diameter of 1.5 mm, inner diameter of 0.86 mm
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and length of 80 mm. The recording pipettes were pulled using a Flaming/Brown type
micropipette puller (Model P-97, Sutter Instrument Co., Novato, CA, USA) and coated
with dental wax (Patterson Dental, Mendota Heights, MN, USA), fire-polished to reduce
their capacitance. Pipette resistances of 0.9-2.0 MΩ were obtained in electrophysiological
recording solutions.
2.2.4.2 Application pipettes
Fine-tipped glass application pipettes were also pulled with the puller mentioned above,
but without coating or fire-polishing. The H2S donor NaHS, polysulfide donors Na2Sn, and
other chemicals were locally applied with the glass application pipette in close proximity
to the cell under consideration (Figure 8A).
Plastic pipettes were used for application of hemin, such as 200 nM hemin, 1 ml triple
concentration (600 nM) of it was added to 2 ml bath solution in the recording chamber
(35 mm diameter petri dish, Thermo Scientific, Germany) to reach the final concentration
(200 nM).
2.2.4.3 Electrophysiological voltage-clamp measurements
Ionic currents through ion channels in the plasma membrane were recorded using the
patch-clamp recording technique (Neher and Sakmann, 1976; Hamill et al., 1981) at room
temperature (20-24 °C), which allows high current resolution, direct membrane patch volt-
age control and is the method of choice when measuring the activity of ion channels (Figure
8A).
The particular patch-clamp setup was equipped with the following instruments: (1)
inverted microscope (IM, Zeiss, Oberkochen, Germany), lamp power supply and video
camera for cell visualization; (2) anti-vibration table, surrounded by Faraday cage, which
isolates the system from electrical noise; (3) the patch-clamp amplifier (EPC-9) was con-
trolled and data were acquired by the patch-clamp software PatchMaster (both HEKA
Elektronik, Lambrecht, Germany); (4) micromanipulator (Luigs & Neumann, Ratingen,
Germany) for holding the amplifier headstage with recording electrode in connection with
the recording pipette holder and the pipette; (5) temperature control system including a
Peltier element underneath the bath chamber and a temperature control unit (Meyer and
Heinemann, 1997); (6) pressure control system for the establishment of recording modes
and studied chemicals application (MPCU-3, Lorenz Messgerätebau, Katlenburg-Lindau,
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Germany); (7) an agar bridge (U-shape glass pipette with 1 M KCl in 1% agar) connected
the bath solution and the ground electrode, to protect ground electrode from contact-
ing with bath solution. For various study purposes, three patch-clamp recording modes:
cell-attached, whole-cell and inside-out (Figure 8B) were used.
Command voltage
Output signal
Amplifier
Recording 
electrode
Application 
pipette
Bath 
electrode
Cell
Cell-attached mode Whole-cell mode Inside-out mode
Feedback resistorA
B
Recording 
pipette
NaHS, 
polysulfides…
Recording 
chamber
Figure 8: Patch-clamp recording technique
A. A silver recording electrode, coated with silver chloride, in a glass recording pipette with pipette solution (blue)
was electrically contacted with the cell examined (red). In the voltage-clamp mode, the amplifier automatically
adjusts the membrane voltage to the command voltage. Current flowing through the pipette is measured as
the voltage drop across the feedback resistor. Application of studied chemicals in bath solution (yellow) was
performed with an application pipette with about 2 cm H2O pressure or with a plastic pipette. B. Three patch-
clamp recording modes: cell-attached, whole-cell and inside-out are illustrated as zoom-in schematic diagrams
from the dashed circle in A. Graphs are modified after Sakmann and Neher (1984); Clare (2010); not drawn to
scale.
If not otherwise stated, the currents of specific channels transiently expressed in HEK-
293T cells were measured repeatedly at a depolarization voltage of 50 mV, or were recorded
in response to membrane depolarization to 60 mV from –60 mV in increasing steps of 20 mV
from a holding voltage of –100 mV. The series resistance was electronically compensated up
to 85% and all voltages were corrected for the liquid junction potential (Neher, 1992). Leak
and capacitive currents were corrected using a p/6 method. Depending on the kinetics of
recovery from inactivation, test pulses were typically applied every 15 s if not mentioned
otherwise.
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2.2.4.4 Action potential recording of mouse DRG neurons
Action potentials (APs) were recorded from small- to medium-sized DRG neurons in the
current-clamp mode with an EPC-10 double patch-clamp amplifier (HEKA). Patch pipettes
of 1.5-3.0 MΩ resistances were used. Using a low-frequency voltage clamp, a modified
current-clamp mode, cells were set at a holding potential around −75 mV to warrant
stability. Single APs were evoked within 5-8 ms by proper 10 ms current injections. The
time interval for repetitive stimulations was 10 s.
Figure 9: Mouse DRG neuron single action potential
The action potential shape is defined by width (duration of the action potential between two threshold crossings),
rise time (duration from the first threshold crossing to the peak of the action potential) and peak amplitude.
The threshold for detection of the action potential is set at –20 mV (green dotted line). The depicted action
potential was evoked by injecting 50 pA current at 10 ms for 10 ms.
The shapes of evoked single APs were characterized by three parameters: (1) AP width,
which was measured as the time interval between two threshold (at –20 mV, green dotted
line in Figure 9) crossings; this threshold was chosen to eliminate the slow initial rise in
AP, which is largely determined by the size of injected current and the capacitance of the
cell; (2) AP rise time, which was measured from the first crossing of a threshold to the
maximum amplitude; (3) Peak amplitude of the AP.
2.2.5 Fluorescence measurement
The redox-sensitive green fluorescent protein 2 (roGFP2) is a genetically engineered fluo-
rescent redox reporter, which was developed by introducing two surface-exposed cysteine
residues into the β-barrel structure of eGFP (wild-type GFP with mutation C48S and
S65T) at position 147 and 204 (S147C and Q204C; Figure 10A, left) (Dooley et al., 2004).
Importantly, roGFP2 has two different redox-dependent excitation peaks near 400 nm and
470 nm. While cysteine oxidation results in a disulfide bridge formation between S147C
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and Q204C (Figure 10A, right), leading to an increase of the excitation peak near 400
nm and a decrease of excitation peak near 470 nm (Figure 10B). Consequently, the ratio
between excitation at 400 nm and 470 nm (F400/F470) can be used as an indicator of the
relative amount of oxidized/reduced roGFP2.
S147C
Q204C
Reduced OxidizedA B
Reduced
Oxidized
400 nm 470 nm
Figure 10: Redox-sensitive green fluorescent protein 2 (roGFP2)
A. Structure of roGFP2 (PDB code 1JC0). Under reduced condition, cysteine residues at position 147 and
204 (S147C and Q204C) remain apart (left); these two cysteine residues form a disulfide bridge in response
to oxidation (right). B. Excitation spectra of roGFP2 before (black) and after (red) oxidation. The formation
of a disulfide bridge in roGFP2 leads to an increase in the excitation peak near 400 nm and a decrease of the
excitation peak near 470 nm. The fluorescence intensity was measured in arbitrary units (a.u.).
The impact of polysulfide (Na2S4) and diamide on intracellular cysteine residues was
evaluated using roGFP2. After HEK293T cells were transfected with roGFP2 for 1-2 days,
fluorescence intensities of these cells were measured before and after Na2S4 or diamide ap-
plication at pH 7.4 with a ProgRes MF cool camera (JenOptik, Jena, Germany), which was
operated by PatchMaster/SmartLux software (HEKA) using a 40x oil immersion objective
with excitation light at 400 nm and 470 nm (± 8 nm) from a PolyChrome V light source
(TILL Photonics, Gräfelfing, Germany). The fluorescence ratio F400/F470 was taken as
readout for the redox state of HEK293T cell in response to Na2S4 or diamide.
2.2.6 Biochemical analysis and mass spectrometry
The protein consisting of the first 61 amino acid residues of the N-terminal inactivating
ball domain of rat Kv1.4 channels (Pep61) was purified as described previously (Sahoo
et al., 2013). In brief, the gene encoding Pep61 and its mutant C13S were inserted into
Ncol/Notl sites of the pETM41 expression vector (EMBL), providing N-terminal His6 and
maltose-binding protein (MBP) tags, and tobacco etch virus (TEV) cleavage sites. Pep61
was expressed in BL21 (DE3) pRIL E. coli cells. The His6-tag protein was purified in
the presence of 5 mM DTT using a HisTrap FF crude affinity column (GE Healthcare).
MBP/His6-tag was cleaved with TEV at 20 °C overnight and uncleaved protein, the TEV
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protease together with the MBP/His6 tag was removed using an additional HisTrap FF
crude affinity column. Monomeric peptide was separated from the dimeric form by Su-
perdex Peptide (10/300 GL) (GE Healthcare).
Purified protein with two additional amino acid residues (glycine and alanine) resulting
from the cleavage was incubated in 20 mM Tris, 150 mM NaCl (pH 7.4) with 200 µM Na2S4
at room temperature for 30 min. If applicable, samples were subsequently incubated with
5 mM DTT to remove Na2S4 modification. Na2S4 was removed using a 3 kDa cut-off
filter and samples were treated with 15 mM iodoacetamide (IAM) at room temperature for
30 min in the dark. After removal of residual IAM, protein was cleaved with trypsin (mass
spectrometry grade) by incubating overnight at 25 °C. Desalting was performed using C18
stage tips (Merck Millipore). Subsequently, the total mass of the resulting peptides was
measured using MALDI-MS (Bruker Daltonics Ultraflex TOF/TOF).
2.2.7 Data analysis
Electrophysiological patch-clamp data were analyzed using FitMaster (HEKA Elektronik),
IgorPro (WaveMetrics, Lake Oswego, OR, USA) and Microsoft Excel (Microsoft Corpora-
tion, Redmound, WA, USA) software programs. Data traces shown were digitally low-pass
filtered at 1 kHz. Data were presented in the results part as means ± SEM (standard error
of the mean) with n in parentheses (unless otherwise stated) representing the number of
independent measurements.
2.2.7.1 Inactivation index
Inactivation index gave the estimate ratio of channels that do not inactivate after opening,
which was expressed in equation (1):
Inactivation index = Imid/Ipeak (1)
Ipeak is the peak current amplitude, and Imid stands for the averaged current amplitude
measured after the onset of depolarization in the range of 25 ± 0.75 ms for cell-attached
recordings of Kv3.4; 50 ± 1.5 ms for inside-out recordings of Kv1.4, Kv3.4 and Kv1.4/Kvβ1;
100 ± 3 ms for whole-cell recordings of Kv3.4 and Kvα/Kvβ; 200 ± 6 ms for whole-cell
recordings of Kv1.4 and Kv1.4/Kvβ1, or cell-attached recordings of DRG neurons A-type
channels. Inactivation index value of 0 represents complete inactivation, while the value of
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1 represents no inactivation.
2.2.7.2 Time constant of inactivation
Time constant of inactivation (τinact) was estimated by fitting current traces, which were
elicited by depolarization to 50 mV from a holding membrane voltage of –100 mV, according
to Hodgkin-Huxley formalisms (equations (2), (3), (4)) with four activation gates and one
inactivation gate (Hodgkin and Huxley, 1952).
m(t) = 1− e−t/τact (2)
h(t) = h∞ + (1− h∞)e−t/τinact (3)
I(t) = I(0)m(t)4h(t)1 (4)
The time constant for activation gates is τact in equation (2); time constant for inactivation
gates is τinact, and h∞ denotes the steady-state non-inactivating fraction of current in
equation (3); I(0) stands for peak current at time zero of depolarization in equation (4).
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3.1 Modulation of N-type inactivation in α subunit
Kv channels by stress mediators
3.1.1 Modulation of action potentials and A-type Kv channels in
DRG neurons
To investigate the regulation of electrical signaling in DRG neurons by stress mediators, the
physiologically generated cellular messenger polysulfide (Kimura et al., 2013) was selected.
Single APs were evoked from DRG neurons with 10-ms current injection in the current-
clamp mode; the current amplitude was chosen about 10 pA above the threshold for AP
generation (Figure 11A). Extracellular application of the polysulfide donor Na2S4 at 50 µM
concentration for 300 s consistently increased the AP width by about 15% (Figure 11B)
whereas AP rise time and peak amplitude were not changed compared to normal bath
solution application (Figure 11C, D).
Since A-type Kv channels play vital roles in defining the AP shape (Ritter et al.,
2012; Zemel et al., 2018), the effect of Na2S4 on native A-type Kv channels was also
examined. In DRG neurons, native A-type K+ currents were recorded in the cell-attached
configuration where the cytoplasmic milieu remains largely undisturbed. In the particular
case illustrated in Figure 12A, inactivation of A-type K+ current at 100 mV was slowed
down considerably after pre-incubation of the cells with 50 µM Na2S4 for 16 min; the slow-
down effect on inactivation was observed after pre-incubation of the cells with Na2S4 for
2 min and remained constant up to pre-incubation for 38 min (Figure 12B). The modulation
of native A-type Kv channel inactivation from DRG neurons by Na2S4 could possibly
explain the effect of Na2S4 on AP shape (Figure 11).
The data shown above indicate that the AP shape and the inactivation of native A-
type Kv channels of DRG neurons, most likely Kv1.4 and Kv3.4, can be modified by the
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polysulfide Na2S4. However, the regulation of specific A-type Kv channels by H2S, poly-
sulfides and other stress mediators and the underlying molecular mechanisms remained to
be investigated. Therefore, the effects of these stress mediators on A-type K+ currents me-
diated by Kv1.4 and Kv3.4 were subsequently studied in a heterologous expression system
— HEK293T cells.
Figure 11: Effect of polysulfide on evoked APs in mouse DRG neurons
A. Superposition of representative APs evoked with the indicated current injections (bottom) before (black) and
300 s after extracellular application of normal bath solution (left, blue) or 50 µM Na2S4 (right, red) for DRG
neurons from wild-type C57BL/6J mice. The threshold used to measure the AP width (the interval between
threshold crossings) is indicated with dotted line at –20 mV in the left panel. Dashed lines indicate 0 mV (top)
and 0 pA (bottom). Fold change of AP width (B), fold change of AP rise time (C), and AP peak voltage (D)
as a function of time for normal bath solution (blue circles) or 50 µM Na2S4 (red circles) application, indicated
by the horizontal bar from time zero to 400 s. Data are means ± SEM with individual experiment numbers n
in parentheses (in B, but same numbers for C and D). Straight lines connect the data points. The means of
AP width fold changes between 100 s and 400 s after application of normal bath solution and 50 µM Na2S4 are
different according to a two-sided Student’s t-test with P value 0.008, while there are no statistical differences
for AP rise time fold change and peak voltage.
3.1.2 Effects of NaHS on Kv1.4 N-type inactivation
To examine whether the N-type inactivation of Kv1.4 channels can be acutely regulated
by H2S, rat Kv1.4 channels (rat Kcna4) were heterologously expressed in HEK293T cells.
Because H2S is toxic and difficult to handle, the widely used H2S donor NaHS (Abe and
Kimura, 1996; Peers et al., 2012; Feng et al., 2013) was employed rather than applying H2S
gas. The ionic currents through all Kv1.4 channels in the plasma membrane of HEK293T
cells were assayed in the whole-cell patch-clamp recording mode. Because H2S as well as
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its donor NaHS are membrane permeable (Kimura, 2015), the compounds were applied to
the extracellular side of the cells examined.
Figure 12: Modulation of native A-type Kv channels from DRG neurons by polysulfide
A. Cell-attached current traces from DRG neurons with depolarization to 100 mV from a holding potential
of –100 mV, under control conditions (left) and after incubating with 50 µM Na2S4 for 16 min (right). B.
Inactivation indices (I200 ms/Ipeak) for cell-attached current traces as a function of 50 µM Na2S4 incubation time
for DRG neurons. The gray data point represents control recordings: mean ± SEM (n = 7).
Figure 13: NaHS slows down N-type inactivation of Kv1.4
A. Whole-cell current traces of Kv1.4 channels before (black) and 300 s after application of normal bath solution
(left, blue) or 1 mM NaHS freshly prepared in bath solution (right, red). B. Time course of inactivation indices
(I200 ms/Ipeak). Either normal bath solution (blue circles) or 1 mM NaHS (red circles) was applied from time zero
to 300 s. C . Time constant of inactivation (τinact) before (black) and 300 s after application of 1 mM NaHS
(red). D. Peak current amplitude change, which was indicated by the ratio between peak current amplitude
after 300 s application (I300 s) of normal bath solution (blue) or 1 mM NaHS (red), and peak current amplitude
before application (ICtrl).
With both bath and pipette solutions adjusted to physiological pH 7.4, Kv1.4 chan-
nels were activated and then rapidly inactivated by repeatedly depolarizing to 50 mV for
400 ms from a holding potential of –100 mV (Figure 13A). Under this condition, channel
inactivation had a mean time constant (τinact) of 83.3 ± 1.9 ms (n = 10) (Figure 13C).
With 1 mM NaHS extracellularly applied at time zero, the inactivation of Kv1.4 was consis-
tently slowed down as indicated by the increase of inactivation index (I200 ms/Ipeak) (Figure
13B, red circles). After 300 s, the τinact increased more than twofold to 175 ± 21 ms
(n = 10) (Figure 13C). Probably because of the existence of a cysteine residue (C13) in
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the N-terminal ball domain of Kv1.4, which can be oxidized after cytosol mixing with the
oxygen ambient pipette solution (Ruppersberg et al., 1991b), a slow and consistent loss of
inactivation was noticed under the condition of no application or only with normal bath
solution applied (Figure 13B, blue circles).
These results clearly demonstrated that NaHS impairs the transition of Kv1.4 channels
from the open state (O) to the inactivated state (I) by slowing down the inactivation
time constant. The recovery transition from the inactivated state back to the open state
(I→O) upon NaHS application was investigated indirectly. For application of both normal
bath solution and 1 mM NaHS, the peak current was reduced by about 10% after 300 s
(Figure 13D). The peak current remained stable after NaHS application, which suggested
the effect of NaHS on inactivation recovery was not notable, indicating that recovery from
inactivation was resistant to NaHS application.
Figure 14: Effects of “fresh” and “aged” NaHS on Kv1.4 inactivation
A. Whole-cell current traces of Kv1.4 channels before (black) and 150 s after application of 200 µM NaHS
(red), which was diluted from 500 mM stock concentration of NaHS prepared and stored in normal bath solution
for 1 h (left, red) or 20 h (right, red) before the experiments were performed. B. Inactivation indices after
application of 200 µM NaHS for 150 s as a function of NaHS “aging” time. As in A, 200 µM NaHS was
diluted from 500 mM NaHS prepared for indicated times. The fit with the continuous curve shows the potency
of 200 µM NaHS on Kv1.4 inactivation increased with NaHS “aging” time. Experiments were performed at
pH 6.9.
In order to explore whether the slow-down effect on inactivation of Kv1.4 by NaHS
is concentration dependent, similar experiments were performed with 200 µM NaHS. For
better clarity of the effect at lower concentration, a more stable and accelerated inactivation
is needed. Because Kv1.4 N-type inactivation depends on the intracellular pH, the N-type
inactivation is more stable and faster at pH 6.9 (Padanilam et al., 2002), so both bath and
pipette solutions were adjusted to pH 6.9. NaHS at 200 µM had a variable impact on Kv1.4
inactivation, ranging from nearly no effect to a marked slowing of inactivation (Figure
14A). The difference among these recordings was the time duration between preparing
stock 500 mM concentration of NaHS in the normal bath solution and the application of
diluted 200 µM NaHS. Therefore, systematic experiments were performed with 200 µM
NaHS from various “aged” 500 mM NaHS solutions, i.e., high concentration of 500 mM
NaHS was prepared in normal bath solution and stored in a closed 1.5-ml reaction tube for
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variable durations. The inactivation index I200 ms/Ipeak upon 150 s application of 200 µM
NaHS, the potency of slowing down inactivation of Kv1.4, was increased with NaHS “aging”
time (Figure 14B).
3.1.3 Impact of polysulfides on N-type inactivation of Kv1.4
The potency of slowing down Kv1.4 channel inactivation by NaHS increased with “aging”,
suggesting that polysulfides (Na2Sn, with sulfur atoms number n = 2-7) spontaneously
generated in NaHS solutions are the active modulators of Kv1.4 function (also see Greiner
et al. (2013); Kimura et al. (2013)). Therefore, the donors of polysulfides in sodium salts
(Na2S2, Na2S3 and Na2S4) were evaluated for their potential to affect the inactivation of
Kv1.4 channels.
Figure 15: Impact of polysulfides on Kv1.4 inactivation
A. Whole-cell current traces of Kv1.4 channels before (black) and 300 s after application of 1 µM of polysulfide
donors Na2S2 (green), Na2S3 (blue), and Na2S4 (red). B. Time course of inactivation indices for the indicated
polysulfides, applied at 1 µM concentration at time zero.
Polysulfides at the concentration of 1 µM effectively slowed down Kv1.4 channels in-
activation, with the potency increasing with the number of sulfur atoms (Na2S4 > Na2S3
> Na2S2, Figure 15). Probably because the larger number of sulfur atoms in polysulfide
is, the more readily for it to receive electrons from active cysteine and transfer its sulfur
atoms to cysteine (Kimura, 2015). Therefore, cysteine residues in Kv1.4 can be modified
more easily.
Tenfold lower or higher concentration of Na2S4, the most potent one among these tested
polysulfides in impairing Kv1.4 channels function, was also applied. Even at 100 nM, Na2S4
notably slowed down Kv1.4 channel inactivation after 300 s (Figure 16A). The inactivation
index after both 1 µM and 10 µM Na2S4 application saturated at about 0.6, corresponding
to the remaining slow-inactivation (C-type) of Kv1.4 channels (Heinemann et al., 1996;
Sahoo et al., 2013). On the one hand this indicated that C-type inactivation is resistant
to polysulfides, on the other it also shows that N-type inactivation is completely abolished
by the respective treatment with polysulfides.
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Figure 16: Effects of different concentrations of Na2S4 on Kv1.4 inactivation
A. Whole-cell current traces of Kv1.4 channels before (black) and 300 s after extracellular application of Na2S4
at concentrations of 100 nM (left, red) and 10 µM (right, red). B. Time course of inactivation indices for
different concentrations of Na2S4. Straight lines connect the data points.
As shown in Figure 17, after Kv1.4 channel inactivation was largely impaired by appli-
cation of 10 µM Na2S4, the effect remained stable upon washing with normal bath solution.
But the inactivation was restored after subsequent application of the reducing agent DTT
at 5 mM, suggesting that the oxidation-sensitive cysteine residue (C13) in the N terminus
of Kv1.4 channel was first modified by Na2S4 and then the effect was eliminated by DTT.
Figure 17: Restoration of Kv1.4 inactivation by DTT
A. Whole-cell current traces of Kv1.4 channels before (black) and 255 s after application of 10 µM Na2S4 (red),
subsequent wash with normal bath solution (gray), followed by bath solution with 5 mM DTT (blue). B. Time
course of inactivation indices for the indicated applications. The highlighted filled data points correspond to
the current traces shown in A.
To further characterize the type of cysteine protein modification in the channel’s N-
terminal domain by polysulfide, a recombinant peptide encoding the first 61 residues of
Kv1.4 (Pep61) was produced and purified as described before (Sahoo et al., 2013) and then
Pep61 incubated with polysulfide was analyzed with mass spectroscopy. During the sample
preparation, iodoacetamide (IAM) was used to alkylate cysteine residues to irreversibly
prevent the reformation of disulfide bonds between free thiol groups (Gundry et al., 2009).
After incubating Pep61 with 200 µM Na2S4, a strong peak with 32 Da mass increase
was observed (Figure 18A, red). This increase demonstrated the addition of one sulfur
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atom to Pep61; peaks with 64 Da, 96 Da, or 128 Da mass increase showing the add-on of
more sulfur atoms were very weak (Figure 18A, red). Possibly because of the limitation of
sample preparation with IAM or the instability of polythiols, S-polythiolated Pep61 (e.g.,
pep-S(-S-S-S-AM), or pep-S(-S-S-S-S-AM)) was not readily detected. Consistent with the
re-establishment of inactivation by DTT (Figure 17), the main peak was eliminated by
this reducing agent (Figure 18A, blue). The mass of a mutant Pep61, harboring the C13S
alteration, did not change with Na2S4 incubation (Figure 18B). This data evidently demon-
strated the persulfidation (S-sulfhydration) of C13 by Na2S4 in Pep61. Mass spectrometry
analysis was performed by Dr. Ina Coburger from Friedrich Schiller University Jena.
Figure 18: Mass spectroscopy of Kv1.4 N-terminal recombinant peptide
Representative MALDI MS spectra for recombinant peptides encoding the first 61 residues of Kv1.4 N terminus
(A) and the corresponding mutant C13S (B) before (black) and after incubation with 200 µM Na2S4 (red).
Wild-type (WT) peptide was sulfhydrated (strong signal with 32 Da mass increase and some indication of 64 Da
increase in A, red) in contrast to the C13S mutant (B, red). Application of 5 mM DTT removed the persulfide
(A, blue). Peptide was alkylated with iodoacetamide (IAM) and proteolytically digested with trypsin to yield
control cysteine-containing peptide (pep-S(AM) or pep-S(-S-AM)) when previously sulfhydrated. The C13S
mutant does not contain the AM moiety. “m/z” refers to the ratio of mass (in Dalton) to unitary charge.
3.1.4 Mutants in the ball domain of Kv1.4
To confirm whether C13 of the Kv1.4 channel α subunit mediated the slowing of inactivation
by NaHS and Na2S4, mutant C13S was generated in an expression vector for mammalian
cells. Since the N-terminal histidine residue (H16) contributed to heme/hemin binding
to Kv1.4 (Sahoo et al., 2013) and it was also identified as critical site for pH effect on
Kv1.4 inactivation (Padanilam et al., 2002), the single histidine mutant H16R as well as
the combined mutant with C13S (C13S:H16R) were generated. In comparison with the
former wild-type (WT) data, the experiments were performed at pH 7.4, and 1 mM NaHS
or 10 µM Na2S4 were applied.
In contrast to Kv1.4, the inactivation of its mutant C13S was not slowed down by NaHS
or Na2S4 (Figure 19A, left). However, the mutant H16R was still sensitive to NaHS and
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Na2S4 (Figure 19A, middle), but the effect was smaller in comparison to that of Kv1.4
(Figure 19B). For the double mutant C13S:H16R, neither NaHS nor Na2S4 increased the
inactivation (Figure 19A, right). Notably, when mutant C13S was alone or in combination
with H16R (C13S:H16R), the sensitivity of Kv1.4 inactivation to NaHS and Na2S4 was
completely abolished. This observation suggested that the impairing effects on Kv1.4
inactivation by NaHS and Na2S4 were directly mediated by C13 in the N-terminal ball
domain of the channel. In addition, both mutants, C13S and C13S:H16R, underwent a
slow and consistent inactivation loss under control condition, but this trend was stopped
and even accelerated upon NaHS and Na2S4 application (Figure 19B). It is likely that other
cysteine residues of these mutants play a minor role in the regulation of inactivation by
NaHS and Na2S4.
Figure 19: Effects of NaHS and Na2S4 on inactivation of Kv1.4 N-terminal mutants
A. Whole-cell current traces of Kv1.4 mutants C13S (left), H16R (middle), and C13S:H16R (right) before
(black) and 300 s after application of 1 mM NaHS (top, blue) and 10 µM Na2S4 (bottom, red). B. Time
course of inactivation indices with application of NaHS (top) and Na2S4 (bottom) for WT and indicated
mutants. The reference WT data were previously shown in Figure 13B and 16B.
Because inactivation of Kv1.4 mutant C13S:H16R was insensitive to NaHS and Na2S4
(Figure 19), this mutant was also used to study whether other functional aspects of Kv1.4
channels can be modified by polysulfide. As shown in Figure 20, neither the reversal
potential nor the voltage dependence of activation were apparently changed after 7.5 min
treatment with 10 µM Na2S4.
3.1.5 Regulation of Kv1.4 N-type inactivation by glutathionyla-
tion
So far, the inactivation of Kv1.4 has been shown to be sensitive to H2S and polysulfides by
modifying the cysteine residue (C13) in the channel’s N-terminal inactivation ball domain.
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Under physiological conditions, a millimolar concentration of reduced GSH (glutathione)
exists in mammalian cells to maintain the reducing conditions of the cytosol (Griffith, 1999).
Therefore, the effect of the cysteine glutathionylation inducing agent diamide on Kv1.4 N-
type inactivation was studied. Upon the application of 10 µM diamide, the inactivation of
Kv1.4 channel was slowed down (Figure 21). This data is compatible with previous reports
of cysteine-specific modifiers (e.g., DTNP (2,2’-dithio-bis[5-nitropyridine])) modulate Kv1.4
N-type inactivation (Stephens et al., 1996b; Hsieh, 2008).
Figure 20: Impact of Na2S4 on the current-voltage
relationship of Kv1.4-C13S:H16R
A. Whole-cell current traces of Kv1.4 channels mutant C13S:H16R,
which were recorded in response to membrane depolarization to
60 mV from –60 mV in steps of 20 mV before (black) and 7.5 min
after application of 10 µM Na2S4 (red). Current traces at depo-
larizing voltages –20 mV, 20 mV and 60 mV were labeled with
arrow lines. B. Maximal current amplitudes were normalized to
that at 20 mV depolarizing voltage, from experiments as in A, as
a function of membrane depolarizing voltage before (black circles)
and 7.5 min after Na2S4 application (red circles). Straight lines
connect the data points, n = 7.
Figure 21: Diamide slowed down Kv1.4 inactivation
A. Whole-cell current traces of Kv1.4 channels before (black) and 300 s after application of 10 µM diamide
(green). B. Time course of inactivation indices.
3.1.6 Impact of RSS on Kv3.4 N-type inactivation
The Kv3.4 channel, encoded by Kcnc4 gene, is another A-type Kv channel and promi-
nently expressed in DRG neurons. Upon oxidation of cysteine (Ruppersberg et al., 1991b;
Stephens and Robertson, 1995) or phosphorylation of serine residues (Covarrubias et al.,
1994; Beck et al., 1998) in the N termini of Kv3.4, the N-type inactivating channel can
be converted to non-inactivating delayed rectifier type. The results of Kv1.4 showed that
cysteine residue (C13) in the ball domain is necessary for the sensitivity of the channel to
H2S, polysulfides, and diamide. It was quite likely that Kv3.4, with cysteine residues (C6
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and C24) in its N-terminal ball domain, can be modified by these stress mediators as well.
Therefore, similar experiments were performed for Kv3.4 channels.
The rat Kv3.4 channels were exogenously expressed in HEK293T cells and their function
was evaluated by means of the whole-cell patch-clamp. After depolarizing to 50 mV from
–100 mV holding potential for 200 ms, Kv3.4 channels were activated and then rapidly
inactivated with a mean inactivation time constant τinact of 18.8 ± 1.9 ms (n = 8) (Figure
22A, top), which was about fourfold faster than that of Kv1.4 (83.3 ± 1.9 ms, n = 10;
Figure 13) at the same pH value.
Figure 22: Effects of different stress mediators on N-type inactivation of Kv3.4
A. Whole-cell current traces of Kv3.4 channels before (black) and 300 s after application with 1 mM NaHS
(blue, top), 1 µM Na2S4 (red, second row), 10 µM diamide (green, third row), and 2 µM DTNP (purple,
bottom) for Kv3.4 (WT) (first column) and cysteine mutants C6S (6S), C24S (24S) and C6S:C24S (SS) (rest
columns). Time course of inactivation indices for WT and different mutants (B), and peak current amplitude
changes (C).
During the 300 s time course of 1 mM NaHS or 1 µM Na2S4 administration, the inacti-
40
3.1 Modulation of N-type inactivation in α subunit Kv channels by stress mediators
vation of Kv3.4 was substantially impaired, increasing the inactivation index (I100 ms/Ipeak)
from 0.07 ± 0.01 to 0.76 ± 0.05 (n = 8) (Figure 22B, top) for NaHS, and from 0.06 ± 0.02
to 0.86 ± 0.02 (n = 5) (Figure 22B, second row) for Na2S4. These end inactivation indices
are much larger than those of Kv1.4 (I200 ms/Ipeak) at 0.44 ± 0.04 (n = 10) (Figure 13B,
red) for NaHS, and 0.62 ± 0.02 (n = 5) (Figure 15B, red) for Na2S4. Most likely because
N-type inactivation in Kv3.4 is much more prominent than C-type inactivation, NaHS and
Na2S4 resulted in nearly complete loss of N-type inactivation; for Kv1.4 there existed a
mixture of N-type and C-type inactivation, and only N-type inactivation in Kv1.4 was
regulated by NaHS and Na2S4. In addition to the inactivation being nearly fully removed,
the peak amplitude of Kv3.4 at 50 mV was drastically increased upon NaHS and Na2S4
application (Figure 22C, top and second rows). In similar experiments the peak amplitude
of Kv1.4 was stable after NaHS (Figure 13D) and Na2S4 (Figure 15A) application. The
increase of Kv3.4 peak amplitude by NaHS and Na2S4 suggests that N-type inactivation
of this channel is the rate-limiting step of ionic current flow (Aldrich et al., 1983).
When the inactivation of Kv3.4 was impaired by 1 µM Na2S4 (Figure 23A, red), the
effect continued to exist even when the substance was removed by washing, but the inac-
tivation was nearly completely repaired upon washing with DTT containing solution. It
is very likely that two cysteine residues C6 and C24 in Kv3.4 N terminus firstly mediated
the sensitivity to RSS, and then DTT eliminated the effect.
Figure 23: Restoration of Kv3.4 inactivation by DTT
As described in Figure 17, with application of 1 µM Na2S4, wash and followed by 5 mM DTT for Kv3.4.
Moreover, comparing to only one cysteine (C13) in the N terminus of Kv1.4, there are
two in that of Kv3.4. Hence, mutants of Kv3.4 with single and double cysteine substituted
to serine (C6S, C24S and C6S:C24S) were generated and treated with 1 mM NaHS or
1 µM Na2S4. After 300 s NaHS application, the inactivation in C24S was considerably
slowed to inactivation index of 0.76 ± 0.03 (n = 5) similar as Kv3.4 (WT), while the
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inactivation of C6S was only slowed down to a moderate degree with inactivation index
of 0.44 ± 0.05 (n = 7). The responsiveness of Kv3.4 to NaHS cannot be abolished unless
both cysteine residues were removed (C6S:C24S) (Figure 22B, top). The experiment of
1 µM Na2S4 was conducted in the same manner. The inactivation of Kv3.4 C6S and C24S
mutants was remarkably but not entirely removed by Na2S4; for C6S:C24S, the sensitivity
of its inactivation to Na2S4 was absent (Figure 22, second row).
Because RSS had almost no effect on the inactivation of the Kv3.4 C6S:C24S mutant,
this mutant was also used to study whether other functional aspects of Kv3.4 channels can
be modified by RSS. As shown in Figure 24, the voltage dependence of activation of Kv3.4
C6S:C24S was not shifted obviously after application of 1 µM Na2S4 for 7.5 min.
Figure 24: Impact of Na2S4 on the current-voltage relationship of Kv3.4-C6S:C24S
For Kv3.4 mutant C6S:C24S (n = 5) as described in Figure 20.
3.1.7 Effects of cysteine-specific modifiers on Kv3.4 N-type inac-
tivation
It has been shown above (Figure 21) and before (Ruppersberg et al., 1991b; Stephens et al.,
1996a; Hsieh, 2008) that specific cysteine-modifying reagents (e.g., diamide and DTNP)
modulate Kv1.4 inactivation. However, effects of these reagents on Kv3.4 inactivation have
not been investigated yet. As shown in Figure 22 (third and bottom rows), the inactivation
in Kv3.4 was removed and the peak amplitude was increased by 300 s application of 10 µM
diamide or 2 µM DTNP. Consistent with the results for NaHS and Na2S4, the mutants
decreased the sensitivity of Kv3.4 inactivation to diamide and DTNP to different degrees:
C6 seemed to play a major role, with the minor role of C24, but only mutation of C6
combined with C24 (C6S:C24S) fully diminished the sensitivity of inactivation to these
reagents.
42
3.1 Modulation of N-type inactivation in α subunit Kv channels by stress mediators
3.1.8 Polysulfide and cysteine-specific modifier signalings in in-
tact cells
To study the effects of above stress mediators (e.g., Na2S4 and diamide) on Kv3.4 channels
with a physiological intracellular milieu, recordings were performed in the cell-attached
patch-clamp mode. Under control conditions, i.e., no pre-incubation of HEK293T cells
expressing Kv3.4 with Na2S4 or diamide, Kv3.4 cell-attached current at 50 mV was recorded
(Figure 25A, black) and the inactivation index (I25 ms/Ipeak) was 0.17 ± 0.03 (n = 17)
(Figure 25B, gray circles). After pre-incubation of HEK293T cells with 10 µM Na2S4 for
16 min or 100 µM diamide for 10 min, inactivation was slowed down notably (Figure 25A,
red and blue). There was a clear trend that longer pre-incubation slows down inactivation
more efficiently (Figure 25B).
Figure 25: Modulation of Kv3.4 inactivation in intact HEK293T cells by Na2S4 and diamide
A. Cell-attached current traces of Kv3.4 channels in normal bath solution (black), 16-min pre-incubation of 10
µM Na2S4 (red) and 10-min pre-incubation of 100 µM diamide (blue). B. Inactivation indices (I25 ms/Ipeak)
of Kv3.4 as a function of pre-incubation time with Na2S4 (left) and diamide (right). The gray data points
with I25 ms/Ipeak of 0.17 ± 0.03 (n = 17), indicating experiments under normal bath solution condition. The
fit with the continuous curve shows the potency of Na2S4 or diamide on Kv3.4 inactivation increased with
pre-incubation durations.
To investigate whether Na2S4 and diamide changed the intracellular redox status, the
redox-sensitive green fluorescent protein 2 (roGFP2) (Dooley et al., 2004) was used as an
optical readout system. After treating HEK293T cells transiently expressing roGFP2 with
Na2S4 (1 µM, 10 µM) and diamide (10 µM, 100 µM) at the concentration range used in this
study, fluorescence ratios (F400/F470) of roGFP2 were increased (Figure 26), indicating
cytosolic cysteine residues were oxidized. Thus, Na2S4 and diamide signaling occurred in
intact cells. Fluorescence measurements were performed by Johanna M. Langner from
Friedrich Schiller University Jena.
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Figure 26: Optical sensing of Na2S4 and diamide
A. Time courses of fluorescence ratios (F400/F470) with excitation at 400 nm and 470 nm for HEK293T cells
transiently expressing roGFP2. The bar indicates application of Na2S4 (1 µM, 10 µM), or normal bath solution
(Ctrl) from time zero to 555 s. B. For diamide (10 µM, 100 µM) as in A.
3.1.9 Impact of ROS and RSS on Kv3.4 N-type inactivation
It has been described before that tert-butyl hydroperoxide, a generator of reactive oxygen
species (ROS), removed the inactivation of Kv3.4 channels (Duprat et al., 1995). In this
work the inactivation of Kv3.4 was susceptible to RSS, and many reports have described
interactions of ROS and RSS signaling pathways (Kimura and Kimura, 2004; Lu et al.,
2008; Sun et al., 2012; Suo et al., 2013; Zhang et al., 2013; Kabil et al., 2014; Hancock
and Whiteman, 2016; Spassov et al., 2017). For instance, H2S protects neurons from ox-
idative glutamate toxicity by enhancing antioxidant glutathione production (Kimura and
Kimura, 2004). Therefore, the interaction of ROS and RSS on Kv3.4 inactivation was in-
vestigated. Hydrogen peroxide (H2O2) was utilized as the ROS generator and experiments
were performed at pH 6.9.
As shown in Figure 27, after applying 200 µM H2O2, 100 µM NaHS, or the mixture of
100 µM H2O2 and 50 µM NaHS (“Mixed”) for 300 s, the inactivation indices (I100 ms/Ipeak)
of Kv3.4 channels were slightly increased, as well as τinact. Because I100 ms/Ipeak were in-
creased to 0.19 ± 0.02 (n = 6) by the “Mixed”, and to 0.13 ± 0.02 (n = 6) by 100 µM
NaHS, with P = 0.08; and peak currents were increased more by “Mixed” than 200 µM
H2O2 and 100 µM NaHS, with P < 0.01, according to two-sided Student’s t-test, thus, the
“Mixed” affected the inactivation more potently than only 200 µM H2O2 or 100 µM NaHS
application. It is likely that the hydrosulfide ion (HS–) reacted with H2O2 to form hydro-
gen thioperoxide (HSOH), then HSOH reacted with HS– to form polysulfides (Hoffmann,
1977), which were more potent in regulating the inactivation. The data indicate that RSS
do not work in isolation in signaling, and that their potencies of modifying proteins strongly
depend on the ROS level.
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Figure 27: Effects of H2O2 and NaHS on Kv3.4 inactivation
A. Whole-cell current traces of Kv3.4 channels before (black) and 300 s after application of 200 µM H2O2 (left,
blue), 100 µM NaHS (middle, red), or mixture of 100 µM H2O2 and 50 µM NaHS (“Mixed”; right, purple). B.
Effects of H2O2, NaHS, and “Mixed” at the concentrations as in A on inactivation indices (I100 ms/Ipeak, left),
τinact (middle) and peak current change (I300 s/ICtrl, right). Experiments were performed at pH 6.9. I100 ms/Ipeak
and τinact means of H2O2, NaHS and “Mixed” are different from their own Ctrl groups with P values < 0.01
according to paired two-sided Student’s t-tests. Two-sided Student’s t-tests were performed between “Mixed”,
and H2O2 and NaHS groups: P = 0.08 for “Mixed” vs NaHS (I100 ms/Ipeak), P < 0.01 for “Mixed” vs H2O2 and
“Mixed” vs NaHS (I300 s/ICtrl). But there were no statistical differences for “Mixed” vs H2O2 (I100 ms/Ipeak),
“Mixed” vs H2O2 (τinact) or “Mixed” vs NaHS (τinact).
3.2 Modulation of Kvβ subunits induced N-type in-
activation by stress mediators
3.2.1 Regulation of Kvβ1.1-induced N-type inactivation of Kv1.1
and Kv1.5 by stress mediators
Among the large family of α subunit Kv channels, only a limited number of them have the
ability to induce N-type inactivation, such as Kv1.4 and Kv3.4. However, some auxiliary
cytoplasmic Kvβ subunits (e.g., Kvβ1.1) with N-terminal inactivation ball domains can
transform the non-inactivating or delayed rectifier type α subunit Kv channels (e.g., Kv1.1
and Kv1.5) to N-type inactivating channels (Rettig et al., 1994; Heinemann et al., 1996).
Therefore, experiments were designed to test whether the examined stress mediators (i.e.,
H2S, polysulfide, diamide and DTNP) would regulate N-type inactivation induced by Kvβ
subunits.
When expressed alone in HEK293T cells, Kv1.1 (Figure 28Α, left, black) and Kv1.5
(Figure 28B, left, black) produced non-inactivating K+ current as previously reported
(Heinemann et al., 1996), while coexpression with Kvβ1.1 resulted in rapidly inactivating
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current after channels were activated by depolarizing the membrane to 50 mV (Figure 28A
and B, middle and right, black). Extracellular application of 1 mM NaHS on Kv1.1 and
Kv1.5 channels for 300 s did not alter their inactivation (Figure 28A and B, left, blue),
while NaHS potently slowed down the inactivation of Kv1.1/Kvβ1.1 and Kv1.5/Kvβ1.1
complexes (Figure 28A and B, middle, blue). The inactivation index of Kv1.1/Kvβ1.1
was increased from 0.54 ± 0.05 to 0.92 ± 0.02 (n = 8) (Figure 28C, left), and from
0.26 ± 0.05 to 0.63 ± 0.04 (n = 9) for Kv1.5/Kvβ1.1 (Figure 28D, left). The loss of K+
current inactivation was associated with a peak outward current increase, for Kv1.1/Kvβ1.1
about twofold (Figure 28C, right), for Kv1.5/Kvβ1.1 by 31 ± 9.1% (Figure 28D, right).
Similar experiments with 1 µM Na2S4 were conducted. Consistent with the responses of
Kv1.4 and Kv3.4 to Na2S4 application (Figure 15 and 22), the potency of this polysulfide
was about 1000 times higher than NaHS in removing the inactivation of Kv1.1/Kvβ1.1 and
Kv1.5/Kvβ1.1 with an increase of current amplitude about twofold for both combinations
(Figure 28C and D, right).
Figure 28: Kvβ1.1 confers NaHS and Na2S4 sensitivities to Kv1.1 and Kv1.5
Whole-cell current traces of Kv1.1 (A) and Kv1.5 channels (B) expressed alone and with Kvβ1.1 before (black)
and 300 s after 1 mM NaHS (blue) or 1 µM Na2S4 (red) application. Inactivation indices (left) and peak
current change (right) for Kv1.1/Kvβ1.1 (C) and Kv1.5/Kvβ1.1 (D).
Cysteine-specific modifiers diamide and DTNP were shown to modulate the inactivation
of Kv1.4 and Kv3.4 (Figure 21 and 22, and see also Stephens et al. (1996a); Hsieh (2008)), so
the impacts of these reagents on Kvβ1.1-induced N-type inactivation were studied. Upon
application of 10 µM diamide or 20 µM DTNP (Figure 29), the inactivation indices of
both Kv1.1/Kvβ1.1 and Kv1.5/Kvβ1.1 were dramatically increased, as well as τinact and
peak current amplitudes.
Thus, the investigated reagents — NaHS, polysulfides, diamide and DTNP — not only
impaired α subunit Kv1.4 and Kv3.4 channels N-type inactivation, but also the Kvβ1.1-
induced inactivation of non-inactivating Kv1.1 and Kv1.5 channels.
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Figure 29: Effects of diamide and DTNP on Kvβ1.1-induced inactivation
Whole-cell current traces of Kv1.1/Kvβ1.1 (A) and Kv1.5/Kvβ1.1 (B) before (black) and after application of 10
µM diamide (300 s, green) or 20 µM DTNP (150 s, purple). Effects of diamide (Dia) and DTNP on inactivation
indices (left), τinact (middle) and peak current (right) for Kv1.1/Kvβ1.1 (C) and Kv1.5/Kvβ1.1 (D).
3.2.2 Association of Kv1α subunits and Kvβ1.1 determines sen-
sitivity of Kv1α/Kvβ1.1 inactivation to RSS
Comparison of the investigated reagents’ (i.e., NaHS, Na2S4, diamide and DTNP) effects
on Kv1.4 and Kv3.4 channels suggests that cysteine residue (C7) in the N-terminal ball
domain of Kvβ1.1 would be responsible for the removal of inactivation. Therefore, cysteine
mutant C7S of Kvβ1.1 (Kvβ1.1-C7S) was generated and expressed together with Kv1.1 and
Kv1.5 in HEK293T cells to probe the underlying mechanisms.
Figure 30: Sensitivity of Kvβ1.1-C7S induced inactivation to NaHS and Na2S4 depends on
Kvα
As described in Figure 28, for Kv1.5/Kvβ1.1-C7S and Kv1.1/Kvβ1.1-C7S.
As expected, the inactivation of Kv1.5/Kvβ1.1-C7S remained stable after 300 s appli-
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cation of 1 mM NaHS and 1 µM Na2S4 (Figure 30A) with almost unchanged inactivation
index and fractional peak current (Figure 30C). However, the inactivation of Kv1.1/Kvβ1.1-
C7S was removed by both NaHS and Na2S4 (Figure 30B): the inactivation index was in-
creased from 0.55 ± 0.04 to 0.91 ± 0.02 (n = 8) by NaHS and so did Na2S4 (Figure 30D,
left); NaHS increased the peak currents by 75 ± 9.6% (n = 8) and similar effect was
observed by Na2S4 (Figure 30D, right). In addition, the removal effect of NaHS on the
inactivation of Kv1.1/Kvβ1.1-C7S was not restored by the washout of NaHS and subse-
quent application of DTT (Figure 31), excluding the possibility that other cysteine residues
of Kvβ1.1-C7S were sulfhydrated by NaHS. The results showed that sulfide species (H2S
and polysulfide) regulate Kvβ1.1-induced N-type inactivation in an α subunit Kv channel
dependent manner.
Figure 31: The removal of Kv1.1/Kvβ1.1-C7S inactivation by NaHS cannot be restored by
DTT
As described in Figure 17, with application of 1 mM NaHS, washout of NaHS (“Wash”) and followed by
1 mM DTT application. Because 75-s current-voltage relationship measurements were performed after NaHS
application and “Wash”, there are two gaps between the bars of NaHS, “Wash” and DTT application in B.
Similar experiments with the application of the cysteine regulators diamide and DTNP
were performed, but inactivation of both Kv1.1/Kvβ1.1-C7S and Kv1.5/Kvβ1.1-C7S re-
mained consistent (Figure 32). The results obtained thus far showed that Kvβ1.1-induced
inactivation of Kv1.1 and Kv1.5 can be removed by sulfide species — H2S and polysulfide
(Figure 28) and cysteine modifiers — diamide and DTNP (Figure 29), while the inactiva-
tion of Kv1.1 in combination with Kvβ1.1 cysteine mutant (C7S) behaved differently when
treated with these two groups of chemicals (Figure 30 and 32).
Whether the removal effect on the inactivation of Kv1.1/Kvβ1.1-C7S by sulfide species
was dependent on the core domain of Kvβ1.1 was also tested. Since Kvβ2.1 lacks
an N-terminal inactivating ball domain, it does not introduce N-type inactivation to
Kv1.1 and Kv1.5 (Heinemann et al., 1996). However, once the N-terminal inactivating
ball domain of Kvβ1.1 was spliced to the N terminus of Kvβ2, the chimeric Kvβ sub-
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unit N(Kvβ1.1)·C(Kvβ2) induced N-type inactivation of Kv1.1 and Kv1.5 (Heinemann
et al., 1996). Therefore, the chimera N(Kvβ1.1)·C(Kvβ2) and its mutant N(Kvβ1.1-
C7S)·C(Kvβ2) were generated and coexpressed with Kv1.1 in HEK293T cells and sub-
jected to 1 µM Na2S4. After 300 s application of Na2S4, their inactivation was substan-
tially modified (Figure 33). Thus, the sensitivity of Kv1.1/Kvβ1.1-C7S inactivation to
sulfide species does not rely on the core domain of Kvβ1.1.
Figure 32: Sensitivity of Kvβ1.1-induced inactivation to diamide and DTNP was eliminated
by C7S mutant
As described in Figure 29, for Kv1.1/Kvβ1.1-C7S and Kv1.5/Kvβ1.1-C7S.
Figure 33: Modulation of Kv1.1/N(Kvβ1.1)·C(Kvβ2) inactivation by Na2S4
A. Whole-cell current traces of Kv1.1 channels coexpressed with N(Kvβ1.1-C7S)·C(Kvβ2) (C7S) and
N(Kvβ1.1)·C(Kvβ2) (WT) before (black) and after application of 1 µM Na2S4 for 300 s (red). B. Change of
inactivation indices (left) and peak current (right) upon Na2S4 application.
It has been reported that Kvβ1.1-induced N-type inactivation is controlled by the enzy-
matic activity of the subunit’s core domain using NADPH (reduced nicotinamide adenine
dinucleotide phosphate) as a cofactor (Pan et al., 2008a). Once Kvβ1.1-bound NADPH
was modified by the substrate 4-cyanobenzaldehyde (4-CY), the N-terminal ball domain
was restrained resulting in a loss of inactivation (Pan et al., 2011). Two arginine residues
R37 and R48 in the N terminus and two glutamic acid residues E265 and E349 in the
core domain of Kvβ1.1 are important in this process (Pan et al., 2011). The inactivation
of Kv1.1/Kvβ1.1-C7S:E349K did not show a notable response to 4-CY (Pan et al., 2011;
Swain et al., 2015). This mutant was used to explore the impact of Na2S4 on the enzymatic
activity of Kvβ1.1’s core domain.
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Figure 34: Na2S4 sensitivity of Kvβ1.1 is functionally independent of its enzymatic activity
A. Whole-cell current traces of Kv1.1 channels coexpressed with Kvβ1.1 mutants C7S:E349K and E349K before
(black) and after application of 10 µM Na2S4 for 300 s (red). B. Change of inactivation indices (left) and peak
current (right) upon Na2S4 application.
As shown in Figure 34, application of 10 µM Na2S4 to Kv1.1/Kvβ1.1-C7S:E349K re-
moved inactivation efficiently, with similar effect on Kv1.1/Kvβ1.1-E349K. So the sensi-
tivity of Kvβ1.1 induced inactivation of Kv1.1 to Na2S4 is functionally independent of its
enzymatic activity.
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Figure 35: Alignment of Shaker, Kv1.1, Kv1.2, Kv1.4 and Kv1.5
Alignment of partial amino acid sequences of Drosophila Shaker, rat Kv1.1, human Kv1.2, rat Kv1.4 and human
Kv1.5 amino acid sequences of distal N termini (A), Kvα/Kvβ1.1 interaction sites (B) and C termini (C) with
cysteine and histidine residues highlighted.
Because the inactivation of Kv1.1 and Kv1.5 conferred by Kvβ1.1-C7S had diverse
sensitivities to sulfide species (Figure 30), further research was focused on the difference
between Kv1.1 and Kv1.5. As Shaker-related subfamily (Kv1, Kcna) members, Kv1.1 and
Kv1.5 have conserved sequence motifs for Kvβ1.1 binding (Figure 35B) (Sewing et al.,
1996). In the distal N terminus, two cysteine residues are located at position 35 and 36
(C35 and C36) in Kv1.1, C31 and C32 in Kv1.2, and C176 and C177 in Kv1.4, while Kv1.5
harbors two histidine residues (H118 and H119) at equivalent positions (Figure 35A). These
cysteine residues may mediate the eliminating effect of NaHS and Na2S4 on inactivation
even when C7 in Kvβ1.1 was mutated (Kv1.1/Kvβ1.1-C7S).
To explore the roles of C35 and C36 in Kv1.1, individual cysteine mutants C35A and
C36A, and double cysteine mutant C35A:C36A of Kv1.1 were generated. After coexpress-
ing with Kvβ1.1-C7S in HEK293T cells, Kv1.1-mutants/Kvβ1.1-C7S channel complexes
functioned well with rapid N-type inactivation at 50 mV (Figure 36A, black). Upon extra-
cellular application of 1 mM NaHS for 300 s, however, NaHS was ineffective in removing
the inactivation of all assessed Kv1.1 mutants when coexpressed with Kvβ1.1-C7S (Figure
36A), with only little effect on inactivation indices and peak current amplitudes (Figure
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36C). Additionally, experiments of Kv1.1 cysteine mutants in combination with Kvβ1.1
were carried out. After exposing to 1 mM NaHS for 300 s, the inactivation of all combina-
tions was removed or slowed down considerably (Figure 36B and D). This finding suggests
that sulfide species (H2S and polysulfide) not only sulfhydrate cysteine residue (C7) of
Kvβ1.1 subunit, but they also modulate cysteine residues of Kv1.1 channel α subunits.
Figure 36: Effect of NaHS on Kv1.1 mutants coexpressed with Kvβ1.1
Whole-cell current traces of Kv1.1 cysteine mutants C35A, C36A and C35A:C36A (AA) coexpressed with
Kvβ1.1-C7S (A) or Kvβ1.1 (B) before (black) and 300 s after application of 1 mM NaHS (red). C . and D.
Change of inactivation indices (left) and peak current (right) upon NaHS application.
3.2.3 Regulation of Kv1.2/Kvβ1.1 inactivation by NaHS
Consistent with a previous report (Heinemann et al., 1996), the non-inactivating Kv1.2
channel gained N-type inactivation upon coexpression with Kvβ1.1 (Figure 37A, black).
After application of 1 mM NaHS for 300 s, the inactivation of Kv1.2 was not altered
(Figure 37A, left), but the inactivation of Kv1.2/Kvβ1.1 was largely impaired (Figure 37A,
middle) with the increase of inactivation index from 0.44 ± 0.07 to 0.95 ± 0.02 (n = 7) and
peak current was increased about twofold (1.93 ± 0.25, n = 7) (Figure 37B). When the
C7S mutant of Kvβ1.1 was coexpressed with Kv1.2, NaHS slowed down the inactivation
moderately (Figure 37A, right): the inactivation index was increased from 0.46 ± 0.05 to
0.60 ± 0.05 (n = 12) and current amplitude was increased by 27 ± 4% (n = 12) (Figure
37B). Similar effects were observed after 300 s application of 10 µMNa2S4 on Kv1.2/Kvβ1.1-
C7S (Figure 38). Thus, C7 in Kvβ1.1 mainly mediated the effects of sulfide species on the
inactivation of Kv1.2/Kvβ1.1.
In Shaker K+ channels, intrasubunit disulfide bridges are formed between cysteine
residues in the N terminus (C96) and C terminus (C505) under oxidizing conditions (Schul-
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teis et al., 1996). Interestingly, in the C-terminal sequence alignment of Shaker, Kv1.1,
Kv1.2, Kv1.4 and Kv1.5 channels (Figure 35C), there is one cysteine (C435) located at
the equivalent position of Kv1.2 as Shaker (C505). An intrasubunit disulfide bridge could
also be formed in Kv1.2 between C31 or C32 and C435 upon sulfide species application
as disulfide bridge formation between C96 and C505 in Shaker K+ channels upon oxi-
dation (Schulteis et al., 1996), and then affect the inactivation of Kv1.2/Kvβ1.1 channel
complex. Therefore, Kv1.2-C435S mutant was generated and coexpressed with Kvβ1.1
and Kvβ1.1-C7S, subsequently the combinations were exposed to 10 µM Na2S4. However,
similar results were obtained of Kv1.2-C435S/Kvβ1.1 (Figure 39) as that of Kv1.2/Kvβ1.1
(Figure 37 and 38). Thus, effects of sulfide species on inactivation of Kv1.2/Kvβ1.1 are not
related to N- and C-terminal disulfide bridge formation.
Figure 37: Kvβ1.1 confers NaHS sensitivity to non-inactivating Kv1.2
A. Whole-cell current traces of Kv1.2 channels expressed alone (left), coexpressed with Kvβ1.1 (middle) and its
mutant C7S (right) before (black) and 300 s after application of 1 mM NaHS (red). B. Change of inactivation
indices (left) and peak current (right) upon NaHS application.
Figure 38: Effect of Na2S4 on Kv1.2/Kvβ1.1-C7S
As in Figure 37, for 10 µM Na2S4 on Kv1.2/Kvβ1.1-C7S.
Figure 39: Effect of Na2S4 on Kv1.2 C-terminal cysteine mutant
As described in Figure 37, for Kv1.2-C435S mutant.
52
3.2 Modulation of Kvβ subunits induced N-type inactivation by stress mediators
3.2.4 Effect of NaHS on the inactivation of Kv1.4 coexpressed
with Kvβ1.1
So far, the impacts of various stress mediators (NaHS, polysulfides, diamide and DTNP)
on the N-type inactivation of Kv1.4 and induced by Kvβ subunits have been examined.
However, Kv1.4 often coassembles with Kvβ subunits under physiological condition, such
as Kvβ1.1 (Rettig et al., 1994; McCormack et al., 1995; Leicher et al., 1996; McIntosh
et al., 1997; Rhodes et al., 1997; Swain et al., 2015), and the Kv1.4/Kvβ1.1 complex
harbors eight N-terminal inactivating ball domains. Consequently, coexpression of Kv1.4
and Kvβ1.1 resulted in outward K+ currents (Figure 40A) which inactivated more rapidly
(τinact = 4.3 ± 0.5 ms, n = 6; Figure 40C) than those mediated by Kv1.4 alone (τinact =
83.3 ± 1.9 ms, n = 10; Figure 13) at pH 7.4.
After exposing Kv1.4/Kvβ1.1 to 1 mM NaHS for 10 min, its inactivation was substan-
tially slowed down (Figure 40A) with increased inactivation index from 0.22 ± 0.07 to
0.55 ± 0.05, n = 6 (Figure 40B) and slowed τinact to 109.9 ± 21.5 ms, n = 6 (Figure 40C),
corresponding to slow C-type inactivation of Kv1.4. The underlying mechanisms were
firstly explored with Kv1.4 mutant C13S coexpressed with Kvβ1.1 (Kv1.4-C13S/Kvβ1.1).
Inactivation of the channel complex was slowed by NaHS to a degree similar as N-type
inactivation of Kv1.4 (Figure 40A). While regardless of Kv1.4 or Kv1.4-C13S, after coex-
pression with Kvβ1.1-C7S, the inactivation of these two combinations (Kv1.4/Kvβ1.1-C7S
and Kv1.4-C13S/Kvβ1.1-C7S) were not altered by NaHS. These results suggest that Kv1.4
and Kvβ1.1 cooperatively introduce inactivation and the effect of NaHS on the inactivation
of Kv1.4/Kvβ1.1 is determined by the Kvβ1.1 N-terminal cysteine residue (C7).
Figure 40: Effect of NaHS on Kv1.4/Kvβ1.1 complex
A. Whole-cell current traces of Kv1.4 channels (WT or C13S) coexpressed with Kvβ1.1 (WT or C7S) before
(black) and 600 s after application of 1 mM NaHS (red). B. Change of inactivation indices (left), τinact (middle)
and peak current (right) upon NaHS application.
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3.2.5 Effects of stress mediators on other Kvβ subunits induced
inactivation
As a splice variant of Kvβ1, Kvβ1.2 is known to induce N-type inactivation of non-inactiva-
ting Kv1 channels (De Biasi et al., 1997; Rasmusson et al., 1997; Pérez-García et al., 1999).
In contrast to only one cysteine (C7) in the N terminus of Kvβ1.1, Kvβ1.2 harbors two
cysteine residues (C8 and C28). Accordingly, the effect of NaHS was also evaluated on
Kvβ1.2-induced inactivation of Kv1.1 and Kv1.5.
Figure 41: Effect of NaHS on Kvβ1.2-induced inactivation of Kv1.1 and Kv1.5
Whole-cell current traces of Kv1.1 (A) and Kv1.5 (B) coexpressed with Kvβ1.2 and its cysteine mutants C8S,
C28S and C8S:C28S (SS) before (black) and 300 s after application of 1 mM NaHS (red). Change of inactivation
indices (top) and peak current (bottom) upon NaHS application for Kv1.1/Kvβ1.2 (C) and Kv1.5/Kvβ1.2 (D).
N-type inactivation was introduced upon coexpression of Kv1.1 and Kv1.5 with Kvβ1.2
(Figure 41A, B). The inactivation of both Kv1.1/Kvβ1.2 and Kv1.5/Kvβ1.2 was slowed
down markedly by 1 mM NaHS. To elucidate if cysteine residues are required in the re-
moval of Kvβ1.2-induced inactivation, mutants C8S, C28S and C8S:C28S of Kvβ1.2 were
generated. All the mutated constructs induced N-type inactivating K+ current of Kv1.1
and Kv1.5 when coexpressed in HEK293T cells (Figure 41A, B). Application of NaHS
slowed down the inactivation of Kvβ1.2 single cysteine mutants C8S and C28S coexpressed
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with Kv1.1 and Kv1.5, while the sensitivity of inactivation to NaHS was largely reduced by
Kvβ1.2-C8S:C28S. Hence, cysteine residues C8 and C28 in the Kvβ1.2 N terminus mediate
the impairing effect on inactivation of Kv1.1/Kvβ1.2 and Kv1.5/Kvβ1.2 by NaHS.
The distal N termini of all three members of Kvβ1 differ in the number of cysteine
residues: Kvβ1.1 harbors a cysteine at position 7 (C7), Kvβ1.2 harbors two cysteine at
position 8 and 28 (C8, C28), while Kvβ1.3 has no cysteine residue. Therefore, N-type
inactivation of Kv1 channels mediated by Kvβ1 isoforms are diversified with respect to
the modulation by different stress mediators. For example, inactivation of Kv1.5/Kvβ1.3
is insensitive to the membrane permeable oxidizing agent tert-butyl hydroperoxide; yet
Kvβ1.3 gained oxidation sensitivity by replacing N-terminal arginine (R5) or threonine
(T6) with cysteine (Decher et al., 2008). So, experiments were conducted to explore the
effects of NaHS and DTNP, as modulators of Kvβ1.1- and Kvβ1.2-induced inactivation of
Kv1.5 (Figure 28, 29 and 41), on the inactivation of Kv1.5/Kvβ1.3.
Figure 42: Effects of NaHS and DTNP on Kv1.5/Kvβ1.3
Whole-cell current traces of Kv1.5/Kvβ1.3 and mutant Kv1.5/Kvβ1.3-A8C before (black) and after application
of 1 mM NaHS for 300 s (red, in A) or 20 µM DTNP for 150 s (purple, in B). Change of inactivation
indices (left) and peak current (right) for Kv1.5/Kvβ1.3 and Kv1.5/Kvβ1.3-A8C upon NaHS (C) or DTNP (D)
application.
As shown in Figure 42, when Kv1.5 was coexpressed with Kvβ1.3 in HEK293T cells,
rapid and stable N-type inactivation was introduced. After 300 s application of 1 mM
NaHS or 150 s application of 20 µM DTNP, the inactivation of Kv1.5/Kvβ1.3 was slightly
showed down. Then a Kvβ1.3-A8C mutant was generated by introducing cysteine instead
of alanine at position 8 (A8) and coexpressed with Kv1.5. Inactivation of Kv1.5/Kvβ1.3-
A8C was largely disrupted by both NaHS and DTNP. This result suggests that inactivation
of Kv1.5 can be induced by Kvβ1.3 without cysteine residue in its N-terminal inactivating
ball domain, and the sensitivity of Kv1.5/Kvβ1.3 inactivation to NaHS and DTNP was
enhanced in the cysteine insertion mutant.
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Kvβ3.1, the third subfamily member of Kvβ family, has only 68% amino acid sequence
homology to Kvβ1.1 (Heinemann et al., 1995). This subunit possesses a long N-terminal
structure and it can induce N-type inactivation on N-terminal deleted Kv1.4 (Kv1.4∆1-110)
which inactivates slowly (Heinemann et al., 1995). The inactivation of Kv1.5 was also
enhanced once coexpressed with Kvβ3.1 (England et al., 1995; Leicher et al., 1998). In this
work, the function of Kv1.1/Kvβ3.1 assembly and its response to NaHS were studied.
Figure 43: Effect of NaHS on Kvβ3.1-induced inactivation
A. Whole-cell current traces of Kv1.1 channels coexpressed with Kvβ3.1 and its mutants C7S, C22S, and
C7S:C22S (SS) before (black) and 300 s after application of 1 mM NaHS (red). Change of inactivation indices
(B), τinact (C) and peak current (D) upon NaHS application.
Figure 44: Effect of polysulfide on inactivation of Kv1.1/Kvβ3.1-C7S:C22S
As described in Figure 43, for Kv1.1/Kvβ3.1-C7S:C22S with 10 µM Na2S4 application.
As shown in Figure 43, N-type inactivation of Kv1.1 was introduced by Kvβ3.1. After
300 s application of 1 mM NaHS, the inactivation of Kv1.1/Kvβ3.1 was greatly impaired.
Because the N-terminal structure of Kvβ3.1 contains two cysteine residues C7 and C22,
cysteine mutants C7S, C22S and C7S:C22S were generated to investigate how inactivation
of Kv1.1/Kvβ3.1 was regulated by NaHS. For both single cysteine mutations C7S and C22S
of Kvβ3.1 coexpressed with Kv1.1, the slow-down effect on their inactivation by NaHS
was similar to that of Kvβ3.1, while the double cysteine mutation C7S:C22S abolished the
impact of NaHS. The inactivation of Kv1.1/Kvβ3.1-C7S:C22S was also resistant to the effect
of the much more potent polysulfide Na2S4 at 10 µM (Figure 44). Thus, the sensitivity
of Kv1.1/Kvβ3.1 inactivation to sulfide species was mediated by cysteine residues C7 and
C22 in the N terminus of Kvβ3.1.
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3.3 Effect of hemin on N-type inactivating Kv chan-
nels
Heme (Fe2+-protoporphyrin-IX) is not only a stable protein cofactor, but free intracellular
heme also acts as an acute signaling molecule to impair N-type inactivation of Kv1.4 by
binding to the CXXHX18H motif, involving cysteine (C13) and histidine (H16 and H35)
residues, in the N terminus (Sahoo et al., 2013). In the same report, it is hypothesized
that binding of heme to the CXXHX18H motif of Kv1.4 reduces the flexibility of the ball
domain, which hinders the ball domain from reaching the channel’s cavity to induce N-type
inactivation (Sahoo et al., 2013). After aligning the N-terminal inactivating ball domains,
Kv3.4 harbors C6 and C24, Kvβ1.1 harbors C7 and H10, Kvβ1.2 harbors H2, C8, C28 and
H31, Kvβ3.1 harbors C7 and C22, while there is no cysteine or histidine residue in the ball
domain of Kvβ1.3. In order to evaluate whether heme regulates other A-type Kv channels
in a similar manner as that of Kv1.4, Kv3.4 and Kvβ1 subunits, i.e., those mediating N-
type inactivation, were expressed in HEK293T cells and effects of hemin on the resulting
channels were studied.
3.3.1 Regulation of Kv3.4 inactivation by hemin
Both Kv1.4 and Kv3.4 are A-type Kv channels, but compared to what is known for Kv1.4
(Sahoo et al., 2013), the effect of hemin on Kv3.4 is unknown. Because hemin is membrane
impermeable, it was applied intracellularly in the inside-out recording mode when Kv1.4
channels were expressed in Xenopus oocytes (Sahoo et al., 2013). Though the Xenopus
oocytes expression system is valuable to study the function of ion channels (Goldin, 1992;
Goldin and Sumikawa, 1992; Shin et al., 1998), the most serious disadvantage is that
the amphibian cells are not the mammalian cells in which Kv1.4 and Kv3.4 are normally
expressed (Tapper and George, 2003; Goldin, 2006).
In addition, when Kv3.4 channels were transiently expressed in HEK293T cells and
their currents were recorded in the whole-cell mode, tens of nanoamperes (nA) current
amplitudes could be measured upon depolarizing to 50 mV from –100 mV with 140 mM
K+ in the bath solution; and hundreds of picoamperes (pA) or even several nA currents of
Kv3.4 can be recorded in the inside-out or cell-attached mode. Thus, Kv3.4 were expressed
in HEK293T cells and inside-out recordings were performed to study if and how hemin
regulates inactivation of Kv3.4 in this work. Since the inactivation of Kv3.4 is known to
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depend on the redox potential (Ruppersberg et al., 1991b), its inactivation is fast in the cell-
attached mode with reducing cytosol when the cell remains intact, but the inactivation gets
increasingly slower in the inside-out mode when the cytosolic side of the excised membrane
patch is exposed to the bath solution which is saturated with ambient oxygen. To exclude
ROS effects on Kv3.4 inactivation, reduced glutathione (GSH) at 200 µM was included in
the bath solution in all inside-out recordings for the study of hemin effects.
As depicted in Figure 45, rapidly inactivating Kv3.4 currents (Ctrl, in black) were
recorded after the establishment of inside-out mode with averaged inactivation indices
(I50 ms/Ipeak) below 0.18, and this inactivation remained constant after 105 s (0 Hemin,
in brown). Therefore, effects of various concentrations of hemin were studied in the time
course of 105 s. After 40 nM hemin application, I50 ms/Ipeak of Kv3.4 was slightly increased
to 0.26 ± 0.03 from 0.18 ± 0.04 (n = 10). When the hemin concentration was further
increased, the impact on inactivation was larger and I50 ms/Ipeak of Kv3.4 was raised about
four times to 0.37 ± 0.06 from 0.09 ± 0.02 (n = 11) in response to 200 nM hemin, and to
0.48 ± 0.10 from 0.13 ± 0.04 (n = 10) for 1 µM hemin. Besides the effects on inactivation,
intracellular hemin affected the peak current amplitude to a small degree (Figure 45C).
Figure 45: Effects of hemin on Kv3.4 inactivation
A. Inside-out current traces of Kv3.4 in solutions containing 200 µM reduced GSH before (black) and 105 s
after application of solutions containing the indicated concentrations of hemin (color). Thick traces are mean
values with SEM in shade. Currents were recorded every 15 s upon depolarizing to 50 mV from –100 mV, with
pipette and bath solutions adjusted to pH 7.9. B. Inactivation indices (I50 ms/Ipeak) of Kv3.4 under different
conditions as described in A. C . Fractional change of the peak current of Kv3.4 channels. Paired Student’s
t-tests were performed in B: n.s., not significant; ** P < 0.01.
After Kv3.4 inactivation was slowed down by 200 nM hemin, the effect of hemin was
partially reversed by washing with 200 µM reduced GSH containing solution (Figure 46),
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indicating a stable physical interaction between hemin and the inactivating ball domain of
Kv3.4 channel, as that of Kv1.4 channel (Sahoo et al., 2013).
Figure 46: Impact of washing out hemin on Kv3.4 inactivation
A. Inside-out current traces of Kv3.4 under control condition with 200 µM reduced GSH (Ctrl, in black), and
75 s after application of 200 nM hemin (in blue), then followed by 90 s washing with hemin-free solutions (Wash,
in grey). B. Time course of inactivation indices (I50 ms/Ipeak) for the indicated applications. The highlighted
filled data points correspond to the current traces shown in A.
Protoporphyrin IX (ppIX), as the ring structure of hemin without a central metal ion,
was also applied to Kv3.4. The inactivation of Kv3.4 was not slowed down by ppIX even
at 2 µM, and the effect of 200 nM hemin was also resistant to it (Figure 47).
Figure 47: Effects of protoporphyrin IX (ppIX) on the inactivation of Kv3.4
As in Figure 45, for 2 µM protoporphyrin IX (ppIX) alone or in combination with 200 nM hemin application to
Kv3.4. n.s., not significant; * P < 0.05; ** P < 0.01.
Because heme regulates Kv1.4 inactivation by targeting cysteine/histidine residues,
similar experiments as for Kv3.4 were performed with its cysteine mutants C6S, C24S and
C6S:C24S to explore the underlying mechanism of hemin effects on Kv3.4. After applying
200 nM hemin, the I50 ms/Ipeak was increased to 0.18 ± 0.05 from 0.10 ± 0.01 (n = 5) for
single cysteine mutants C6S, and to 0.25 ± 0.05 from 0.15 ± 0.03 (n = 8) for C24S, but the
inactivation of the double cysteine mutant C6S:C24S of Kv3.4 remained relatively stable:
the I50 ms/Ipeak was only changed from 0.12 ± 0.02 to 0.11 ± 0.02 (n = 5) after hemin
application (Figure 48).
Thus, not only Kv1.4 inactivation is susceptible to hemin, the inactivation of Kv3.4 can
be also regulated by hemin. The effects of hemin Kv3.4 inactivation rely on the presence
of cysteine residues in its N-terminal ball domain.
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Figure 48: Effects of 200 nM hemin on the inactivation of Kv3.4 mutants
As in Figure 45, for 200 nM hemin application to Kv3.4 mutants. The Kv3.4 (WT) data was the same as in
Figure 45.
3.3.2 Impact of hemin on Kvβ1-induced inactivation of Kv1.4
Hemin is usually dissolved in basic buffer, such as 1 mM hemin in 30 mM NaOH (Sahoo
et al., 2013). But the inactivation of Kv1.4 depends on intracellular pH values; its inacti-
vation is progressively slowed from pH 6.0 to pH 8.0 in the physiologically relevant range
(Padanilam et al., 2002). When currents of Kv1.4 channels were recorded in the whole-cell
mode with both bath and pipette solutions adjusted to pH 7.9, only showed slow C-type
inactivating K+ currents with inactivation index (I50 ms/Ipeak) of 0.80 ± 0.02 and τinact of
161.3 ± 11.6 ms (n = 12) was observed (Figure 49). However, under the same condition,
Kvβ1.1 can introduce stable N-type inactivation to Kv1.4 with I50 ms/Ipeak of 0.04 ± 0.01
and τinact of 4.9 ± 0.5 ms (n = 5). In addition, the currents of the Kv1.4/Kvβ1.1 complex
were large and made it possible to perform inside-out recordings. Therefore, Kv1.4/Kvβ1.1
was used to study the effects of hemin on Kvβ1-induced inactivation.
When Kv1.4 was expressed alone and inside-out recordings were performed at pH
7.9, slow C-type inactivation was observed with I50 ms/Ipeak of 0.60 ± 0.03 (n = 4) and
0.58 ± 0.06 (n = 6), and the inactivation was not altered after application of 200 nM and
500 nM hemin for 120 s (Figure 50A, C). This agrees with the previous report that C-
type inactivation in Kv1.4∆2-110, i.e., a N-terminal deletion mutant of Kv1.4 which only
exhibits residual C-type inactivation (Heinemann et al., 1996), was not affected by hemin
(Sahoo et al., 2013).
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Figure 49: Kvβ1.1 induces N-type inactivation of Kv1.4 at pH 7.9
A. Representative whole-cell current traces of Kv1.4 channels expressed alone (left) and coexpressed with Kvβ1.1
(right) with depolarization to 50 mV from a holding potential of –100 mV. Both pipette and bath solutions
were adjusted to pH 7.9. B. Inactivation indices (I50 ms/Ipeak) and τinact of indicated channel types.
Figure 50: Effects of hemin on inactivation of Kv1.4 and Kv1.4/Kvβ1.1
As in Figure 45, except currents were recorded every 60 s, for Kv1.4, Kv1.4/Kvβ1.1 and Kv1.4/Kvβ1.1-
C7S:H10A. n/a, not available.
Rapid N-type inactivation of Kv1.4 was introduced by Kvβ1.1, and I50 ms/Ipeak was
slightly increased to 0.13 ± 0.05 from 0.07 ± 0.03 (n = 6) upon 40 nM hemin application
for 120 s, and to 0.17 ± 0.06 from 0.07 ± 0.01 (n = 8) by 200 nM hemin. A larger effect
was noticed when 500 nM hemin was applied, I50 ms/Ipeak was increased to 0.33 ± 0.12
from 0.14 ± 0.03 (n = 9) (Figure 50A, C). There was also a larger increase of peak current
after applying 500 nM hemin (Figure 50D). Because C13 and H16 in the N terminus of
Kv1.4 are part of a heme-binding motif (CXXH) mediating the sensitivity of the channel
to hemin (Sahoo et al., 2013), C7 and H10 in the homologous region of Kvβ1.1 may also
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be targeted by hemin. Therefore, Kvβ1.1-C7S and Kvβ1.1-C7S:H10A were generated, co-
expressed with Kv1.4, and subjected to hemin to explore the mechanism. The inactivation
of both Kv1.4/Kvβ1.1-C7S and Kv1.4/Kvβ1.1-C7S:H10A was insensitive to 500 nM hemin
(Figure 50B, C).
The Kvβ1.1 protein is encoded by Kcnab1 gene, and Kvβ1.2 and Kvβ1.3 are encoded
by two other splice variants of this gene. Kvβ1.1-1.3 have conserved C-terminal regions
but different N-terminal sequences (Pongs and Schwarz, 2010). A CXXH motif is also
located in the ball domain of Kvβ1.2, but this motif is absent in Kvβ1.3. It has been
reported that Kvβ1.2 enhances N-type inactivation and increases the rate of C-type inac-
tivation in Kv1.4 (Accili et al., 1998). Consequently, after expressing Kvβ1.2 with Kv1.4,
Kv1.4/Kvβ1.2 showed N-type and C-type inactivation (Figure 51A, left black). The inac-
tivation of Kv1.4/Kvβ1.3 (Figure 51A, middle black) was similar to that of Kv1.4/Kvβ1.2,
probably Kvβ1.3 had a similar effect on N-type and C-type inactivation of Kv1.4. While
500 nM hemin slowed the inactivation of Kv1.4/Kvβ1.2 by increasing the I50 ms/Ipeak from
0.40 ± 0.04 to 0.58 ± 0.08 (n = 10), and increase the peak current about 50% (Figure 51A,
B, C, left). this treatment did not slow down the inactivation of Kv1.4/Kvβ1.3 (Figure
51A, B, middle). But after the cysteine was introduced in the N-terminal ball domain
(A8C) of Kvβ1.3, the sensitivity of Kv1.4/Kvβ1.3 to hemin was gained: the I50 ms/Ipeak
was increased from 0.26 ± 0.03 to 0.47 ± 0.09 (n = 6) for Kv1.4/Kvβ1.3-A8C (Figure 51,
right).
Figure 51: Effects of 500 nM hemin on inactivation of Kv1.4/Kvβ1.2 and Kv1.4/Kvβ1.3
As in Figure 50, for Kv1.4/Kvβ1.2, Kv1.4/Kvβ1.3 and Kv1.4/Kvβ1.3-A8C.
Thus, hemin regulates Kvβ1-induced inactivation by targeting cysteine/histidine residues.
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4.1 RSS potently modulate A-type Kv channels
Reactive sulfur species (RSS) are a family of sulfur-containing compounds, including H2S,
hydropersulfide, polysulfide, elemental sulfur, thiosulfate and sulfate (Mishanina et al.,
2015; Lau and Pluth, 2019). They are found in biological systems and are crucial in
various fundamental biological processes due to their unique properties and wide range of
accessible oxidation states, from –2 as in H2S to +6 as in SO42– (Figure 52) (Giles et al.,
2001; Giles and Jacob, 2002; Li et al., 2011; Peers et al., 2012; Wang, 2012; Gruhlke and
Slusarenko, 2012; Paulsen and Carroll, 2013; Yang et al., 2017; Liu et al., 2018). In RSS,
the critical gaseous cell-signaling molecule H2S has been intensively studied and recognized
as the third member of gasotransmitters after NO and CO (Wang, 2002, 2003, 2014).
Figure 52: Sulfur oxidation states of some biologically relevant RSS
The red (–2), green (–1), yellow (0), blue (+5) and purple (+6) rectangles represent the valence states of
specified sulfur. Modified after Mishanina et al. (2015).
Many biological effects of RSS are mediated through ion channels. For example, H2S
acts as an endothelium-derived relaxing factor by directly opening vascular smooth muscle
KATP channels, which leads to hyperpolarization of vascular smooth muscle cells, reduc-
tion of voltage-gated Ca2+ influx, and vasodilation of blood vessels (Zhao et al., 2001; Li
et al., 2011; Peers et al., 2012). Deficiency of endogenous H2S, through genetic deletion of
the H2S biosynthesis enzyme CSE, contributes to the development of hypertension (Yang
et al., 2008; Mustafa et al., 2009, 2011). H2S and polysulfides facilitate the induction of
hippocampal long-term potentiation (LTP) by activating TRPA1 channels, which enhances
the activity of n-methyl-d-aspartate receptors (Abe and Kimura, 1996; Kimura et al., 2013;
Kimura, 2015).
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In this work, one additional class of ion channels — A-type Kv channels — was iden-
tified to be modulated by RSS. A-type Kv channels, such as Kv1.4 and Kv1.1/Kvβ1.1
channels, are rapidly inactivating K+ channels. They are essential for fine-tuning of neu-
ronal excitability (Connor and Stevens, 1971; Rudy, 1988; Amberg et al., 2003; Cai et al.,
2007; Zemel et al., 2018). The rapid inactivation of native A-type Kv channels (e.g., Kv1.4
and Kv3.4) in DRG neurons can be slowed down by polysulfide Na2S4 (Figure 12). For
a systematic study of RSS effects on A-type Kv channels, RSS were applied with the
H2S donor NaHS and polysulfide donors Na2Sn, and A-type Kv channels of Kvα subunits
Kv1.4 and Kv3.4 were heterologously expressed in mammalian HEK293T cells. The N(β)-
inactivation of non-inactivating delayed rectifier Kv1 channels induced by the brain-derived
Kvβ subunits was also investigated.
The major findings of this study are: RSS impair N-type inactivating K+ currents of
Kv1.4, Kv3.4 and Kv1/Kvβ (except Kv1.5/Kvβ1.3) channels; RSS target cysteine residues
in the N termini of A-type Kv channels; RSS sulfhydrate cysteine residue of a recombinant
peptide corresponding to the inactivation ball domain of Kv1.4 N terminus; RSS affect the
inactivation of Kv1.1/Kvβ1.1 and Kv1.5/Kvβ1.1 differently.
4.2 Mechanisms for modulation of A-type Kv chan-
nels by RSS
4.2.1 Effects of H2S on A-type Kv channels are mediated by poly-
sulfides
The signaling mechanism of H2S has been proposed to involve sulfhydrating reactive cys-
teine residues in target proteins (Mustafa et al., 2009; Krishnan et al., 2011; Paul and
Snyder, 2012), with the addition of H2S-derived sulfur to the thiol group of the reactive
cysteine (Cys-SH) to yield Cys-S-SH. Sulfhydration is similar to NO nitrosylation, the
formation of Cys-S-NO by attaching NO to Cys-SH (Hess et al., 2005). Both sulfhydra-
tion and nitrosylation influence the localization, stability and activity of the target protein
(Hess et al., 2005; Paul and Snyder, 2012). For instance, H2S activates KATP channels by
sulfhydrating C43 in the Kir6.1 subunit of the channel (Mustafa et al., 2011). However,
H2S and HS–, with sulfur in its most reduced state (–2) (Figure 52), can only act as re-
ductants (Toohey, 2011; Greiner et al., 2013). In agreement with this, H2S was reported
to only break the disulfide bond located between C1024 and C1045 in the type 2 recep-
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tor of vascular endothelial growth factor (VEGFR2) (Tao et al., 2013; Kimura, 2015). In
contrast, polysulfides, with more oxidized sulfur (oxidation states of –1 and 0 as shown
in Figure 52), readily receive electrons from cysteine and transfer sulfur atoms to cysteine
(Kimura, 2015; Mishanina et al., 2015; Filipovic et al., 2018). Therefore, much of what
is known as H2S signaling, such as sulfhydration, may actually have been mediated by
polysulfides (Greiner et al., 2013; Filipovic et al., 2018; Liu et al., 2018).
When investigating the effects of different concentrations of NaHS on Kv1.4 inactiva-
tion, various responses of the inactivation to 200 µM NaHS were observed (Figure 14), from
nearly no effect to significant slowing of the inactivation. Compared with freshly prepared
NaHS solutions within 1 h, the “aged” NaHS solutions after overnight preparation (e.g.,
20 h) had a greater effect on slowing Kv1.4 inactivation. Because polysulfides were identi-
fied after dissolving H2S gas and various H2S donors or releasing agents, including sulfide
salts NaHS and Na2S (sodium sulfide), and H2S slow-releasing compound morpholin-4-
ium 4-methoxyphenyl(morpholino) phosphinodithioate (GYY4137) in respective solutions
(Greiner et al., 2013), and many studies have implied that polysulfides might act as the
real signaling transmitter instead of H2S (Greiner et al., 2013; Ono et al., 2014), it was hy-
pothesized that the inactivation of Kv1.4, as well as other A-type Kv channels (Kv3.4 and
Kv1/Kvβ, except Kv1.5/Kvβ1.3), is regulated by polysulfides formed in NaHS solutions.
Experiments with direct application of polysulfides at 1 µM (e.g., Figure 15, 22 and
28), even at 100 nM (Figure 16), effectively modified inactivation, with the greater number
of sulfur atoms increasing the potency. These observations confirmed the hypothesis that
polysulfides are the actual active molecules that regulate inactivation of A-type Kv channels
in the concentrations range existing in native biological systems (average value of 60-70 nM
in HeLa cells) (Yang et al., 2018). This agrees with the previous reports that Na2S3
activated the TRPA1 channel much more potently (approximately 1000 times) than NaHS
(Streng et al., 2008; Ogawa et al., 2012; Kimura et al., 2013). We therefore conclude that
polysulfides Na2Sn with a varying number of sulfur atoms, generated in NaHS solutions,
actually regulate the inactivation of A-type Kv channels.
Except the generation of polysulfides in H2S gas and various H2S donors or releasing
agents (Greiner et al., 2013), many studies have reported the biosynthesis of polysulfides
in mammalian cells (Kimura et al., 2015; Akaike et al., 2017; Kimura et al., 2017; Kimura,
2019). As demonstrated in Figure 53, polysulfides were suggested to be generated from
3-mercaptopyruvate (3MP) by 3-mercaptopyruvate sulfurtransferase (3MST) and from ox-
idation of H2S involving 3MST and rhodanese (Rho) (Kimura et al., 2015), and from
l-cysteine by cysteinyl-tRNA synthetases (CARS) (Akaike et al., 2017). In addition to the
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biosynthesis, polysulfides can be generated by the chemical interaction between H2S and
NO (Eberhardt et al., 2014; Cortese-Krott et al., 2015; Miyamoto et al., 2017), and from
the catalysis of H2S by copper/zinc superoxide dismutase (SOD) (Olson et al., 2018). In
comparison with the biosynthesis of H2S (Figure 7), the generations of both polysulfides
and H2S are closely associated and they coexist, though the exact physiological functional
roles of H2S and polysulfides are controversial (Paul and Snyder, 2012; Greiner et al., 2013;
Kimura, 2015; Filipovic et al., 2018). Recently, fluorescent probes have been developed to
detect levels of H2S (Lippert et al., 2011; Liu et al., 2011; Peng et al., 2011; Xuan et al.,
2012c; Hammers et al., 2015) and polysulfides (Liu et al., 2014; Chen et al., 2015a,b; Lin
et al., 2015; Kawagoe et al., 2017; Yang et al., 2018; Chen et al., 2019) in living systems.
The quantitative information about endogenous H2S and polysulfides levels in cells and in
vivo may help to understand the intricate physiological functions of them.
Figure 53: Generation of polysulfides
Polysulfides (mixture of H2Sn) can be generated by auto-oxidation in NaHS solutions (Greiner et al., 2013;
Kimura, 2015), chemical interaction between H2S and NO (Eberhardt et al., 2014; Cortese-Krott et al., 2015;
Miyamoto et al., 2017), and catalysis of H2S by copper/zinc superoxide dismutase (SOD) (Olson et al., 2018).
They can also be biosynthesized from 3-mercaptopyruvate (3MP) by 3-mercaptopyruvate sulfurtransferase
(3MST) and from oxidation of H2S involving 3MST and rhodanese (Rho) (Kimura et al., 2015), and from
l-cysteine by cysteinyl-tRNA synthetases (CARS) (Akaike et al., 2017).
4.2.2 Modification of cysteine residues by RSS
Although N-terminal inactivating ball domains of Kvα and Kvβ subunits share little se-
quence similarity as indicated in the sequence alignment in Figure 4 and Figure 6, with the
exception of Kvβ1.3, they contain at least one cysteine residue. Cysteines enable the inac-
tivation of these channels to be susceptible to redox changes (Ruppersberg et al., 1991b;
Rettig et al., 1994; Stephens and Robertson, 1995; Decher et al., 2008), and the oxidant
signal is transformed to a biological response: modulation of neuronal excitability by regu-
lation of K+ channels. When mutations of cysteine residues in the N termini of A-type Kv
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channels (except Kv1.1/Kvβ1.1) were generated, the sensitivity of their N-type inactivation
to RSS was largely reduced, suggesting direct actions of RSS on these residues. It has been
proposed that oxidation of cysteines induces formation of disulfide bridges with another
protein or glutathione, or forming sulfenic acid, sulfinic acid and sulfonic acid (Reddie
and Carroll, 2008; Marino and Gladyshev, 2011; Paulsen and Carroll, 2013; Sahoo et al.,
2014) (Figure 54A). The exact molecular mechanism of modifying these cysteines by RSS,
however, has remained elusive since it is not clear if cysteine forms a disulfide bridge with
another protein or glutathione, or another type of post-translational modification of this
residue has happened.
Modulation of cysteine residues
Oxidation Sulfhydration
–SHCys Cys –SOH Cys –SO2HH2O2
H2O2
Cysteine Sulfenic acid Sulfinic acid
Cys –SO3H
Sulfonic acid
GS–SG
–SHCys
Cysteine
Cystine
–S–Cys S– Cys Cys –S–SG
S-Glutathionylation
A
B
H2O2
–SHPTEN C71
–SHC124
–SHPTEN C71
–SSHC124
H2Sn
–SHPep61 C13 Pep61 C13 –SSHH2Sn
Figure 54: Modulation of reactive cysteine residues
Modification of cysteine upon oxidative stress (A), and sulfhydration of cysteines in the lipid phosphatase and
tensin homolog (PTEN) and recombinant protein encompassing the inactivating ball domain of Kv1.4 (Pep61)
by polysulfides (B). GSSG, oxidized glutathione. Modified after Sahoo et al. (2014); Kimura (2019).
As a model protein and a tumor suppressor (Lee et al., 2002), the lipid phosphatase
and tensin homolog (PTEN) has been used by Greiner and colleagues to study polysulfide
functions (Greiner et al., 2013). PTEN harbors two cysteine residues C71 and C124, and
oxidation of this protein results in a disulfide bridge formation between these two cysteines
(Lee et al., 2002). Greiner et al. demonstrated that polysulfides formed in H2S donors, as
the oxidizing species, lead to very rapid oxidation of PTEN through sulfhydration of C124
(Greiner et al., 2013) (Figure 54B). To test whether N-terminal cysteine residues in A-type
Kv channels were sulfhydrated by RSS, we performed mass spectrometry analysis of the
recombinant protein (Pep61) encompassing the inactivating ball domain of Kv1.4. After
exposing Pep61 to RSS, a mass corresponding to one sulfur atom was added, while C13S
mutation of Pep61 eliminated the sulfur addition effect (Figure 18). Thus, the underlying
mechanism of RSS regulating Kv1.4 N-type inactivation is through sulfhydration of cysteine
residue in its inactivation ball domain.
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In Kv3.4, C6 and C24 are spatially close to each other and located in the stable four-leaf
clover-like conformation of the ball domain (Antz et al., 1997, 1999), such that these two
cystein residues can form an intra-subunit disulfide bridge in the oxidized state (Antz et al.,
1997). As shown in Figure 22, single cysteine mutants C6S and C24S have different sensi-
tivities to RSS, and C6 is more important in sensing RSS effects than C24. Insensitivity of
Kv3.4 to RSS was achieved only when both cysteines were mutated (C6S:C24S), indicating
that RSS regulate Kv3.4 inactivation through post-translational modification other than
forming a disulfide bridge between C6 and C24. The other A-type Kv channel in the Kv3
subfamily, Kv3.3 (Kcnc3), harbors only one cysteine (C6) in the N-terminal inactivating
ball domain. It is conceivable that inactivation of this channel is also susceptible to RSS
modification.
4.2.3 Effect of RSS on Kv1.1/Kvβ1.1 inactivation is independent
of Kvβ1.1 enzymatic activity
The Kvβ1.1 subunit confers rapid N-type inactivation to non-inactivating delayed rectifier
Kv1.1 and Kv1.5 channels (Rettig et al., 1994; Heinemann et al., 1996), and the inactivation
of Kv1.1/Kvβ1.1 and Kv1.5/Kvβ1.1 was sensitive to both RSS (Figure 28) and cysteine-
specific modifiers (DTNP and diamide) (Figure 29). Because Kvβ1.1 harbors a ROS-
sensitive cysteine residue (C7) in its N-terminal ball domain (Rettig et al., 1994), this
cysteine residue was mutated to serine (C7S) to explore the underlying mechanisms of RSS
and DTNP/diamide effects. Almost no effects of DTNP/diamide on Kv1.1/Kvβ1.1-C7S
and Kv1.5/Kvβ1.1-C7S inactivation were observed (Figure 32), there were also no effects
of RSS on the inactivation of Kv1.5/Kvβ1.1-C7S (Figure 30). However, the inactivation of
Kv1.1/Kvβ1.1-C7S was still sensitive to RSS (Figure 30), similar to that of Kv1.1/Kvβ1.1
(Figure 28). These results suggest RSS specially modulate inactivation of Kv1.1/Kvβ1.1
without involving the critical cysteine residue C7 in Kvβ1.1.
Kvβ1.1 is not only able to induce N-type inactivation of Kv1.1, but its conserved core
region also functionally and structurally belongs to aldo-keto reductases (AKR) protein
superfamily using NADPH (reduced nicotinamide adenine dinucleotide phosphate) as a co-
factor to catalyze a redox reaction (Weng et al., 2006). The core region of Kvβ1.1 consists of
a triosephosphate isomerase barrel structure, conserved key catalytic residues and a bound
NADPH cofactor (Gulbis et al., 1999). Once the bound NADPH in Kvβ1.1 core is con-
verted to NADP+ (nicotinamide adenine dinucleotide phosphate) in Kv1.1/Kvβ1.1, either
enzymatically by a substrate such as 4-cyanobenzaldehyde (4-CY), or nonenzymatically
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by an oxidant (e.g., H2O2) or by exchange with NADP+, inhibits the inactivation (Weng
et al., 2006; Pan et al., 2008a, 2011). Interestingly, the inactivation of Kv1.1/Kvβ1.1-C7S
was also impaired after applying 4-CY (Pan et al., 2008a). This phenomenon was explained
by restraining the N-terminal ball domain from blocking the channel, which was induced by
oxidizing the core region bounded cofactor NADPH to NADP+ (Pan et al., 2011). When
E349 in the core region was mutated, the inactivation of Kv1.1/Kvβ1.1-C7S:E349K was
resistant to 4-CY (Pan et al., 2011; Swain et al., 2015). It is conceivable to assume that
RSS regulate the inactivation of Kv1.1/Kvβ1.1-C7S in this manner, but this assumption
was disproved by the results that 10 µM Na2S4 removes the inactivation of Kv1.1/Kvβ1.1-
C7S:E349K (Figure 34), indicating the effect of RSS on Kv1.1/Kvβ1.1 is not related to the
enzymatic activity of Kvβ1.1 core region.
4.2.4 Association of Kv1 channels with Kvβ1.1
Kv1 channels are widely expressed throughout the nervous system and are important in
controlling neuronal excitability (Wulff et al., 2009). For instance, Kv1.1 channels are
predominantly found in the brain and located on axons and nerve terminals (Rhodes et al.,
1997; Monaghan et al., 2001; Trimmer and Rhodes, 2004; Willis et al., 2018), and they
play a key role in adjusting the electrical activity of neurons. Mutations in the Kcna1 gene
are related to neurological diseases, such as Episodic Ataxia Type 1, which is an autosomal
dominant neurological disorder characterized by motor discoordination, involuntary muscle
contraction and seizures (Browne et al., 1994; Herson et al., 2003; Imbrici et al., 2006;
van der Wijst et al., 2018). Kv1α subunits have been shown to form heteromultimers in
the central nervous system (CNS) (Trimmer and Rhodes, 2004; Vacher et al., 2008; Wulff
et al., 2009; Jan and Jan, 2012; Ovsepian et al., 2016). For example, using channel specific
toxins and antibodies, Kv1.1/Kv1.2 heterotetramers were identified in human brain and
contribute to native Kv1 channels (Willis et al., 2018). Kv1 channels are also found in
peripheral tissues, such as Kv1.5 channels are highly expressed in the cardiac atrium and
contribute to the ultrarapid delayed rectifier K+ current (IKur) (Fedida et al., 1993; Wang
et al., 1993), which is critical for the early phases of atrial AP repolarization (Wettwer
et al., 2004). Atrial fibrillation and sudden cardiac death are associated with alterations
in Kv1.5 channels (Wettwer et al., 2004; Olson et al., 2006; Nielsen et al., 2007).
Immunoblot and reciprocal co-immunoprecipitation analyses have indicated that all
Kv1α subunits assemble with Kvβ subunits, and vice versa (Rhodes et al., 1996). Kv1α and
Kvβ subunits are assembled in the endoplasmic reticulum and remain as stable complex
(Nagaya and Papazian, 1997). The deletion of the Kvβ1.1 gene in mice results in a reduced
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K+ current inactivation in hippocampal CA1 pyramidal neurons, broadening of frequency-
dependent spike and reduced slow afterhyperpolarization. The phenotype of these mice
shows impairment of learning and memory in the Morris water maze test (Giese et al.,
1998). This result suggests the importance of Kvβ subunits in conferring inactivation of
Kv1 channels.
Kv1α and Kvβ subunits interact with each other through conserved sites in the N
termini of Kv1 (Figure 35B) (Sewing et al., 1996), but after aligning the distal N termini
of Kv1 channels, except double histidine residues (H118 and H119) existed in Kv1.5 next
to the T1 domain, Kv1.1 (C35 and C36), Kv1.2 (C31 and C32), and Kv1.4 (C176 and
C177) harbor double cysteine residues at equivalent positions (Figure 35A). In the case of
Kv1.1/Kvβ1.1-C7S, the sensitivity of its inactivation to RSS was eliminated when either
cysteine in the N terminus of Kv1.1 was mutated (C35A, C36A) (Figure 36), indicating
vital roles of Kv1.1 N-terminal cysteine residues. However, the available crystal structures
of Kv1/Kvβ are uninformative about the distal N terminus of the Kv channel: Kv1 T1
domain is tilted in a small degree with respect to the central four-fold axis of the Kv1/Kvβ
channel complex (Long et al., 2005b), and Kv1 C terminus is shifted towards Kvβ subunit
for closer contact (Sokolova et al., 2003). It is assumed that C35 and C36 of Kv1.1 are
vital to maintain the N-type inactivation of Kv1.1/Kvβ1.1, RSS induced disufide bridge
formation and lead to loss of inactivation, while the disulfide bridge cannot be formed when
either C35 or C36 was mutated. Because of the existence of C31 and C32 in Kv2.1, RSS also
regulated Kv1.2/Kvβ1.1-C7S inactivation (Figure 37 and 38), e.g., 10 µMNa2S4 moderately
slowed down the inactivation by increasing the inactivation index from 0.47 ± 0.04 to
0.64 ± 0.06 (n = 9) (Figure 38). Both Kv1.4 and Kvβ1.1 possess inactivating ball domains,
and the inactivation of Kv1.4 was accelerated by assembling with Kvβ1.1 (Rettig et al.,
1994; McIntosh et al., 1997) (Figure 40 and 49), and it was supposed that inactivation can
be induced by inactivating ball domains from either Kv1.4 or Kvβ1.1, thus, the sensitivity
of Kv1.4/Kvβ1.1-C7S to RSS was different to that of Kv1.1/Kvβ1.1-C7S and Kv1.2/Kvβ1.1-
C7S, even distal C176 and C177 of Kv1.4 were likely to be modified by RSS. Nevertheless,
the involvement of N-terminal cysteines of Kv1α subunits in sensing RSS effects can not
be excluded.
The interface of protein-protein interaction is usually large and extensive, so small-
molecule compounds are very difficult to interfere with the interaction (Wells and Mc-
Clendon, 2007). Conversely, the interface between Kv1 and Kvβ1.1 lacks extensive inter-
action (Gulbis et al., 2000; Long et al., 2005b) and forms a deep pocket suitable for small-
molecule compounds (Pan et al., 2008b), suggesting the association of Kv1 and Kvβ1.1 is
tunable. Structural and electrophysiological studies have demonstrated that cortisone, an
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anti-inflammatory glucocorticoid, and its analogues promote dissociation of Kvβ1.1 from
Kv1.1 through targeting the interface site of two adjacent Kvβ subunits (Pan et al., 2008b,
2012). The dynamic modulation of Kv1 channel activities by regulating association with
Kvβ may be important for proper cellular responses to the different redox environments
that mammals experience during development. After the removal of Kv1.1/Kvβ1.1-C7S in-
activation by RSS, subsequently applied reducing agent DTT was not capable of restoring
the inactivation (Figure 31). Although two cysteine residues in the distal N terminus of
Kv1.1 were targeted (Figure 36), it may also affect the association of Kv1.1 and Kvβ1.1,
thereby hamper the availability of the Kvβ1.1 ball domain and remove the inactivation
(Figure 55B).
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Figure 55: Modulation of Kv1 and Kvβ1.1 association
A. Structure of Kv1/Kvβ as described in Figure 5A, with an N-terminal inactivating Kvβ ball domain entering
the pore through a lateral opening between S1 and T1 domain (Gulbis et al., 2000). B. RSS can diffuse into
the cell and induce disulfide bridge formation between C35 and C36 in Kv1.1. This may disrupt the association
between the Kv1.1 α and Kvβ subunits and eliminates inactivation. Modified after Kohout and Isacoff (2008).
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4.3 A model for modulation of A-type Kv channels
by RSS and heme
Compromised mobility of the inactivating ball domain could be a general mechanism for
modulating the inactivation of A-type Kv channels. For example, it has been reported
that the inactivation of Kv1.4, Kv3.4 and Kv1.1/Kvβ1 was removed in the presence of
phosphatidylinositol 4,5-bisphosphate (PIP2) (Oliver et al., 2004), a phospholipid of the
cytoplasmic leaflet of plasma membranes (Suh and Hille, 2008). The positively charged Kvα
and Kvβ inactivating ball domains were immobilized to the inner leaflet of the membrane
by the negatively charged headgroups of PIP2, thereby the inactivating ball domains were
prevented from accessing the channel pore (Oliver et al., 2004).
Several studies have reported that heme regulates ion channels, such as BKCa, Kv1.4
and KATP channels (Tang et al., 2003; Sahoo et al., 2013; Burton et al., 2016). Heme
modulates the channel activity by interacting with a cytoplasmic domain, for the Kv1.4
channel, heme is suggested to bind to its N-terminal CXXHX18H motif, which stabilizes
the flexible ball domain (Sahoo et al., 2013). Other A-type Kv channels, Kv3.4 and Kvβ1-
induced, harbor no homologous N-terminal ball domains as that of Kv1.4 but cysteine
and/or histidine residues, so heme might also bind to these ball domains and regulate
their inactivation. It was observed that hemin removed the inactivation of Kv3.4 (Figure
45), Kv1.4/Kvβ1.1 (Figure 50) and Kv1.4/Kvβ1.2 (Figure 51), and mutations of C6:C24 in
Kv3.4 (Figure 48) and C7:H10 in Kvβ1.1 (Figure 51) eliminated hemin effects. In addition,
Kvβ1.3, the splice variant of Kvβ1.1, possesses no heme coordinating cysteine or histidine
residues, and the inactivation of Kv1.4/Kvβ1.3 was not regulated by hemin (Figure 51),
but its hemin sensitivity was gained after inserting a cysteine residue to the N terminus
of Kvβ1.3 (A8C). It can be postulated that cysteine containing Kvβ3.1 can render hemin
sensitivity to Kv1.4/Kvβ3.1. This leads to the assumption that heme regulates A-type Kv
channels, following a common mechanism by binding to cysteine and/or histidine residues
in the N-terminal ball domains from Kvα or Kvβ subunits.
The regulation of A-type Kv channels by RSS and heme may be proposed in the model
as shown in Figure 56: after an A-type Kv channel has recovered from inactivation, its
inactivating ball domain is exposed to RSS or heme. RSS can sulfhydrate cysteine and
heme can bind to histidine and/or cysteine in the ball domain, both effects will induce a
partial secondary structure of the ball-and-chain machinery and reduce the flexibility of
this machinery, which makes it impossible for the ball peptide to reach its binding sites in
channel’s cavity to introduce inactivation.
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Figure 56: Proposed model for modulating A-type Kv channel by RSS and heme, and
crosstalk between RSS and heme
Following the recovery of A-type Kv channels from the inactivated state, cysteine (Cys) and/or histidine (His)
residues in the ball domain are exposed to RSS or heme. It is assumed that RSS sulfhydrate the Cys to Cys-
SSH, and heme binds to Cys and/or His (Sahoo et al., 2013), both modifications hamper the ball domains from
reaching the channel’s cavity and impair the inactivation. Crosstalk between RSS and heme: H2S can interact
with heme to form sulfheme by incorporating H2S to one of the pyrrole rings of heme (Pietri et al., 2011); RSS
and CO, which is generated from heme by heme oxygenase, sense O2 in carotid body under hypoxia.
4.4 Interactions of RSS and heme/CO
Almost all A-type Kv channels, including Kvα and Kvβ subunits induced, harbor cysteine
and/or histidine residues in their inactivating ball domains, rendering their inactivation
susceptible to both RSS and heme signalings (Sahoo et al., 2013, 2014) (Figure 56). It has
been indicated that H2S can bind to hemeproteins to induce different effects (Szabó, 2007;
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Cooper and Brown, 2008). For instance, the activation of KATP channels by H2S may be
mediated by interactions of H2S with cytochrome c oxidase, myoglobin and hemoglobin,
which reduces oxygen (O2) transport and ATP production in the mitochondria and acti-
vates KATP channels (Berzofsky et al., 1971a,b, 1972a,b; Chatfield and Mar, 1992). H2S can
be incorporated into one of the pyrrole rings of heme, yielding sulfheme, which influences
H2S reactivity with hemeproteins (Pietri et al., 2011).
As an increasingly recognized cell-signalling molecule, carbon monoxide (CO) is pro-
duced by catabolizing heme through heme oxygenase (HO) (Heinemann et al., 2014). Both
H2S and CO are important for O2 sensing in the carotid body (Peng et al., 2010; Makarenko
et al., 2012; Peng et al., 2014), the critical O2-sensing organ to activate the brainstem respi-
ratory during hypoxia (Lopez-Barneo et al., 2008). In hypoxia which results from reduced
O2 levels, HO activity is inhibited and CO generation is decreased. Because CO inhibits
H2S generation by its biosynthesis enzyme cystathionine γ-lyase (CSE) (Peng et al., 2010),
decreased CO generation can increase H2S generation, which stimulates the carotid body
sensory nerve activity, and finally increases breathing (Yuan et al., 2015). In addition,
it has been proposed that the modification of HO by H2S could largely affect O2 sensing
(Matsui et al., 2018). Therefore, O2, CO and H2S are shown to work in concert to regulate
breathing in the carotid body to maintain homeostasis.
Thus, under physiological conditions, RSS and heme are likely to interplay with each
other to modulate A-type Kv channels and thereby neuronal excitability (Figure 56).
4.5 Physiological implications of modulating A-type
Kv channels by RSS and heme
In several pain models, expression levels of A-type Kv channels are decreased (Everill
and Kocsis, 1999; Stewart et al., 2003; Takeda et al., 2006; Xu et al., 2006; Zhang et al.,
2007a; Cao et al., 2010; Duan et al., 2012; Zhu et al., 2012; Zhang et al., 2019). For
instance, the mRNA levels and current densities of A-type Kv channels are significantly
reduced in DRG neurons of a rat model of diabetic neuropathic pain, these reductions
depend on brain-derived neurotrophic factor (BDNF), and pre-treatment of the neurons
with anti-BDNF antibodies restores the reductions (Cao et al., 2010). Many experiments
have shown that excitability changes in the DRG neurons can be reversed by using drugs
to increase A-type K+ currents (Sculptoreanu et al., 2004; Duan et al., 2012; Ritter et al.,
2015a). Such as diclofenac, a nonsteroidal anti-inflammatory drug, enhances A-type K+
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currents in DRG neurons and attenuates the pain phenotype in a bone cancer model in
a dose-dependent manner (Duan et al., 2012). In this work, RSS efficiently slowed the
inactivation of natively expressed A-type Kv channels in DRG neurons, and both RSS
and hemin slowed the inactivation of heterologously expressed Kv1.4 and Kv3.4 channels,
subsequent enhanced K+ current flow could contribute to membrane hyperpolarization and
reduce neuronal hyperexcitability, thereby attenuate chronic pain.
Modulation of A-type Kv channels has also been implicated in mammalian learning
and memory (Giese et al., 1998; Schreurs et al., 1998; Need et al., 2003). The Kvβ1.1
subunit is widely expressed in the brain (Rhodes et al., 1996; Butler et al., 1998), its
deficiency in Kvβ1.1 knockout (Kvβ1.1–/–) mice resulted in reduced K+ current inactivation
in hippocampal CA1 pyramidal neurons, and deficiency in learning and memory as tested
in the learning of a water maze and in the social transmission of food preference task
(Giese et al., 1998). The levels of H2S are severely decreased in the brains of Alzheimer’s
disease (AD) patients (Eto et al., 2002), and treatment of H2S donor NaHS improved the
performance of learning and memory in various mouse and rat models of AD (Xuan et al.,
2012b; Vandini et al., 2018). Thus, effects of RSS on Kvβ1.1, as well as other Kvβ subunits,
induced inactivation in this study, could be used to better understanding the physiological
functions of RSS, such as neuronal cytoprotection.
4.6 Outlook
Table 3: Investigated Kv channels after RSS and hemin application
X, investigated; -, not investigated in this work.
The sensitivity of A-type Kv channels to acute RSS and hemin application (as concluded
in Table 3) greatly expands their diverse regulatory mechanisms. More extensive studies
such as genetic mouse models would help to better understand the specific roles of these
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channels regulated by RSS and heme under physiological and pathological conditions.
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